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Asthma has become a global health issue, suffering more than 300 million people in the world, which is a heterogeneous disease, usually characterized by chronic airway inflammation and airway hyperreactivity. Combination of inhaled corticosteroids (ICS) and long acting β-agonists (LABA) can relieve asthma symptoms and reduce the frequency of exacerbations, especially for patients with refractory asthma, but there are limited treatment options for people who do not gain control on combination ICS/LABA. The increase in ICS dose generally provides little additional benefit, and there is an increased risk of side effects. Therefore, therapeutic interventions integrating the use of different agents that focus on different targets are needed to overcome this set of diseases. Some findings suggest autophagy is closely correlated with the severity of asthma through eosinophilic inflammation, and its modulation may provide novel therapeutic approaches for severe allergic asthma. The chinese herbal medicine (CHM) have been demonstrated clinically as potent therapeutic interventions for asthma. Moreover some reports have found that the bioactive components isolated from CHM could modulate autophagy, and exhibit potent Anti-inflammatory activity. These findings have implied the potential for CHMs in asthma or allergic inflammation therapy via the modulation of autophagy. In this review, we discuss the basic pathomechanisms underpinning asthma, and the potential role of CHMs in treating asthma with modulating autophagy.
Keywords: Chinese herbal medicines, autophagy, asthma, inflammation, mucus hypersecretion
INTRODUCTION
Asthma has become a global health issue affecting approximately 4% of the world population. The number of patients suffering from the disorder is expected to reach 400 million worldwide by 2025 (Nunes et al., 2017). According to a cross-sectional questionnaire survey of children asthma and other allergies (1–8 years old) conducted in ten cities of Mainland China, juvenile asthma cases were increasing from 1990 to 2011, which demonstrated an aggravating trend since 2000 (Zhang et al., 2013). Conventional therapies for asthma control include the application of steroids, for example, inhaled corticosteroids (ICS) or the combination of ICS and long-acting β2 agonist (LABA). However, insensitivities towards such treatment strategies are frequently observed, partially due to the development of steroid resistance, which progressively evolves into severe asthma (Sin et al., 2004; Ni Chroinin et al., 2005). As a result, the quality of life of patients is worsened with increased expense of hospitalizations, as well as higher risk of asthma attacks and death (Fergeson et al., 2017). Approximately 5–10% of asthma patients are affected by severe and persistent asthma (Lang, 2015). In addition, long-term exposure to ICS may affect the height and weight of children. Therefore, novel and reliable pharmaceutical interventions are needed for the effective control of asthma, particularly for those with established steroid resistance (Christensson et al., 2008).
Autophagy, a cellular self-engulfing process employed for the removal of unwanted organelles and misfolded proteins, plays a critical role in the pathogenesis of a variety of inflammatory disorders, including respiratory illness diseases like asthma (Jyothula and Eissa, 2013). Intriguingly, some reports have found that the bioactive components isolated from Chinese herbal medicine (CHM), such as celastrol, a constituent of the CHM could modulate autophagy, and exhibit anti-inflammatory effects (Hu et al., 2017; Liu et al., 2019). Such findings suggest a potential for CHMs in asthma or allergic inflammation therapy via the modulation of autophagy. In fact, some clinical studies have revealed that CHM decoctions can control asthma progression with significant efficacy, and CHMs are the ideal source for autophagy modulators (Law et al., 2016). In this review, we will briefly discuss the basic pathomechanisms underpinning asthma, specifically focusing on the role of autophagy and the autophagic process. The traditional medication for treating the disease and the clinical limitations that plague their therapeutic efficacy will also be described. And, we also discuss CHMs with potential for asthma therapy, autophagy regulatory mechanisms and their role in human diseases. Further discussion on specific CHMs will focus on their new therapeutic usage through regulation of autophagy.
MECHANISMS AND REGULATION OF ASTHMA PROGRESSION INVOLVED IN AUTOPHAGY
Asthma is a heterogeneous disease with several underlying disease processes, usually characterized by chronic airway inflammation, airway hyperreactivity and airway remodeling. The classic allergic airway inflammation is caused by submucosal infiltration of activated T-lymphocytes, eosinophils, neutrophils, epithelial cells, macrophages and mast cells (Adcock and Caramori, 2001). Thus, initialing the allergic airway inflammation process is a complex web of cells and cell signaling molecules interacting to elicit an inflammatory response. Some pathological and physiological evidence reported that the airway inflammatory process could extend from the central airway to the peripheral airways and the lung parenchyma (Trevor and Deshane, 2014). Also asthma is typically associated with an imbalance between Th1 and Th2 pathways; over-driven Th2-mediated inflammation leads to airway inflammation and airway remodeling (KleinJan, 2016). More over eosinophils play important roles in augmenting AHR, mucus production, and airway remodeling in allergic asthma by producing IL-13 and leukotrienes from eosinophil lipid bodies (George and Brightling, 2016). Also eosinophils contribute to much of the damage of the respiratory epithelium during the late phase of asthma. The activation and granulation of eosinophils is also related to the activation of the alveolar macrophages (McBrien and Menzies-Gow, 2017). Eosinophils also release cesteinyl leukotrienes and reactive oxygen species resulting in airway inflammation and mucus secretion in the asthma response. Present studies have shown that autophagy participates in the immunopathology of inflammatory diseases and plays role in eosinophil inflammation in asthma (Silveira et al., 2020). Thus, asthma inflammation progression most partly involved in autophagy. And a role for autophagy in eosinophils inflammation in asthma usually targeted in severe asthma (Liu et al., 2016). Therapeutic strategies to target autophagy may provide a new approach to treating asthma airway inflammation.
The extensive infiltration of eosinophils into the airway is a hallmark of allergic asthma. The numbers of eosinophils in peripheral blood, bronchoalveolar lavage fluid (BALF), and epithelium were not only associated with lung function but also associated with the severity of asthma (Bousquet et al., 1990). Eosinophils with inflammatory lesions in the lungs produce and release a variety of proinflammatory mediators, including basic proteins (major basic protein, eosinophil cationic protein [ECP], eosinophil peroxidase, eosinophil-derived neurotoxin), cytokines (IL-2, IL-3, IL-4, IL-5, IL-10, IL-12, IL-13, IL-16, and IL-25), chemokines (CCL5, CCL11, and CCL13), growth factors (TNF and TGF-α/β) (Hogan et al., 2008; Liu et al., 2016). IL-13 might be implicated as a mediator of tight junction disruption in asthma (Georas and Rezaee, 2014). Bronchial epithelium barrier dysfunction is the central process involved in the development of the onset of asthma pathophysiology (Holgate, 2008; Fujita et al., 2011). The fragile epithelium barrier in asthmatic patients manifests more airway inflammation and bronchial hyper-responsiveness. Conversely, epithelial barrier dysfunction also contributes to Th2-type cell-mediated immunity. Among these cytokines TGF-β focused on progression of airway remodeling including mucus hyper-secretion in asthma associated with autophagy, inhibition of autophagy exerted therapeutic benefits for TGF-β3 induced airway mucus secretion (Zhang et al., 2018).
Many researchers have reported that there is a subtype of severe asthma with persistent symptoms and high risk of exacerbation. IL-17 cytokines released by Th17 cells mediate severe asthma inflammation via augmentation of expression of GR-β, which inhibits the action of glucocorticoid receptor GR-α Silverpil and Lindén (2012) leading to steriod resistant. The overwhelming lung production of ROS initiates severe airway inflammation associated with its direct damage to DNA in bronchial epithelial cells (Chan et al., 2016; Zhang et al., 2020). ROS can not only induce oxidative DNA damage but also induce DNA double strand breaks in epithelial cells in asthma. A previous study has demonstrated that DNA repair inhibition significantly augments IL-4, IL-5, IL-13, and IL-33 levels in epithelial cells exposed to house dust mites (HDM) (Chan et al., 2016). Chronic inflammation leads to a key feature of severe asthma, which is characterized by airway remodeling. Airway remodeling is the modification of the normal structural properties of the airway wall that plays an important role in pulmonary dysfunction in asthma (Naylor, 1962; Laitinen et al., 1985). Mucus secretion is a tipical characteristic of airway remodeling involved in PI3K/Akt pathway activity and subsequently enhance endoplasmic reticulum stress (ER stress) (Wang et al., 2017). Mucociliary clearance is critically important in protecting the airways. But overwhelming of mucus may be result in acute and chronic effects dysfunction of mucociliary clearance, which is known to caused Oxidative stress (O'Grady, 2019). Current asthma therapies fail to target airway remodeling that correlates with asthma severity driving disease progression that ultimately leads to loss of lung function (McAlinden et al., 2019). The influence of oxidative stress and autophagy on airway showing the potential of autophagy modulators in restoring the function of effective mucociliary clearance (O'Grady, 2019). Lack of autophagy causes a severe IL17-mediated neutrophilic lung inflammation of asthma (Suzuki et al., 2016). These demastrated that autophagy pathway in the lung might be an effective therapeutic target for patients with refractory severe asthma. How autophagy affects asthma inflammation and airway remodeling is worthing to excavating.
ROLE OF MANIPULATING AUTOPHAGY IN THE PATHOGENESIS OF ASTHMA
Autophagy is a highly conserved homeostatic mechanism for cell survival under conditions of stress, and is widely implicated as an important pathway in many biological processes and diseases (Levine and Kroemer, 2008; Choi et al., 2013). The normal function of autophagy is protein degradation and turnover of destroyed cell organelles for new cell formation. In the most common form of autophagy, cytosolic materials are sequestered into double-membrane compartments called autophagosomes, which subsequently fuse to lysosomes wherein their contents are enzymatically degraded [36]. Recently, autophagy has gained more attention in human pulmonary diseases, both as a modulator of pathogenesis and as a potential therapeutic target (Chen et al., 2016; Dickinson et al., 2016; Zhou et al., 2016). A number of autophagy-related proteins (ATGs), together with other proteins, are involved in the process of forming autophagosomes, starting from the formation of the autophagy initiation complex to the elongation of autophagosome membranes (He and Klionsky, 2009). The ATG proteins can be classified into several functional units: the ULZK complex, ATG9L, the class III PI(3)K complex, the ATG2-WIPI complex, the ATG12 conjugation system, and the LC3 conjugation system. The ULZK complex is the most upstream component in the autophagy pathway, which is required for recruitment of the autophagy-specific class III PI(3)K complex. LC3 is widely used as a marker for the microscopic detection of isolation membranes and autophagosomes. The amount of LC3-II is also widely used for the quantification of autophagic activity. Autophagy has been studied in relation to infection by bacteria, viruses, and parasites (Choi et al., 2013). At present, accumulating evidence has revealed the relationship between autophagy and inflammation, especially the effect of autophagy on chronic inflammation in lung disease (Wesselborg and Stork, 2015).
Autophagy in Inflammation
Allergic asthma is mediated by TH2 cells and type two innate lymphoid cells (ILC2) for production of inflammatory cytokines IL-5 and IL-13 (Bartemes et al., 2014; Lewis et al., 2019). Airway eosinophilic inflammation can cause mild-to-moderate asthma; however, neutrophils are often predominant in the sputum of patients with severe asthma having corticosteroid resistance (Pham et al., 2017). Autophagy plays a role of neutrophil survival and the formation of neutrophil extracellular DNA traps which resulting from neutrophils activating (Remijsen et al., 2011; Brinkmann and Zychlinsky, 2012). Elevated neutrophil autophagy and NET productions in patients with asthma could enhance airway inflammation. On the contrary, in the peripheral blood neutrophils in asthma could be primed by pro-inflammatory and inflammatory cytokines to induce a high level of autophagy that could maintain or enhance neutrophil activation. Autophagy also has an effect on eosinophil activation and effffector function. Conversely, eosinophils activation by the presence of IL-5 induces autophagy further leading to inflammation (Ban et al., 2016).
However, in pulmonary dendritic cells, asthma could reduce the numbers of LC3 foci. Atg5 deficency mice were found to have no decrease in AHR showing a steroid resistant phenotype with increase concentrations of IL-1 and IL-23 further contributing to TH17 neutrophilic polarity (Suzuki et al., 2016). In macrophages, the alleviation of autophagy was associated with increased inflammation (Liu et al., 2015a). Consistently, previous studies reported that hampered autophagy, through blocking of Atg5/7, LC3, and Beclin-1, led to increases in IL-1β and IL-18, suggesting a possible protective role of autophagy in inflammatory contexts (Zhang et al., 2012; Pu et al., 2017; Choi et al., 2018).
Airways epithelial cells play key role in regulation of lung homeostasis, and maintaining healthy populations of these cells are critical for avoiding lung inflammation. Autophagy has been determined to be essential in the maintenance of epithelial cell counts in pulmonary airways (Li et al., 2019). Simutanously, Inflammatory cytokines, such as TNF-α, IL-1, IL-17, IL-4, IL-13,TGF-β, and so on produced by pathological process. Autophagy and its interactions with these cytokine production largely been reviewed may condition the pulmonary airways and contribute to airway inflammation and airway mucus secretion (Painter et al., 2020). Studies revealed that autophagy is crucial for IL-1β transcription and processing of pro-IL-1β. Autophagy is capable of inhibiting IL-1β production (Harris et al., 2011). Defective autophagy accompanied IL-1 reduction has been shown to reduce IL-1β, decrease BAL neutrophils, and ameliorate lung pathology (Suzuki et al., 2016). And to blocking IL-1R greatly reduced IL-17A and IL-4 (de Luca et al., 2014). IL-17A production contributes to the pathogenesis of asthma. IL-1β and IL-23 were found to induce CD4+ lymphocytes’ differentiation into Th17 cells (Wilson et al., 2007). It was also found that IL-1 and IL-23 could induce the expression of IL-17A. IL-17 expression has been demonstrated to augment the expression of Glucorticoid β (GR-β) in epithelial cells in vitro (Vazquez-Tello et al., 2010). The function of GR-β is to suppress GR-α-mediated anti-inflammatory gene transcription through a competitive inhibitory mechanism with GR-α (Trevor and Deshane, 2014). The autophagy-related gene5 (Atg5) has been associated with childhood asthma (Martin et al., 2012; Poon et al., 2012). Atg5−/− mice causes severe inflammation and AHR, which is mediated by increased neutrophilic airway inflammation though secretion of IL-17A from T cells (Suzuki et al., 2016). Interleukin (IL)-10 is a key anti-inflammatory cytokine that may be reduced in asthma (Maneechotesuwan et al., 2021). In asthmatic patients, inhibition autophagy enhances IL-10 production, resulting in the control of asthmatic inflammation.
Autophagy in Mucus Hypersecretion
Ciliated epithelial cells possess up to 300 cilia per cell and a large number of mitochondria are found immediately beneath the apical surface, which are responsible for providing energy to the cilia for mucous clearance up and out of airways via coordinated ciliary beating (Tam et al., 2011). Cigarette smoke (CS) impairs mucociliary clearance (MCC) and epithelial cell cilia shortening (Lam et al., 2013). The function of mucociliary clearance is to maintain an uninfected and unobstructed airway. The impairment of mucociliary clearance might render mucus clearance defective and lead to obstruction. A previous study demonstrated that genetic deletion of the autophagy mediators BECN1 and LC3B, or genetic and chemical inhibition of HDAC6, protects mice from MCC disruption when exposed to CS. The activation of proposed ciliophagy pathway leads to cilia shortening. The excessive activation of autophagy might ultimately lead to ciliated cell loss and ciliated cell death (Cloonan et al., 2014). In addition, the environmental stimulus have shown to induce autophagy activation and subsequently the mucus hypersecretion, including CS and fine particulate matter (Chen et al., 2016; Zhou et al., 2016).
IL-13 plays a key role in modulating the pathology of the onset of asthma (Deo et al., 2010). IL-13 binds to a dimer composed of IL-4 receptor α (IL-4Rα) and IL-13 receptor α1 (IL-13Rα1) so as to regulate the differentiation of epithelial cells to goblet cells (Munitz et al., 2008). Moreover, autophagy activity was associated with mucin-secreting airway epithelial goblet cells that form in response to chronic IL-13 treatment (Dickinson et al., 2016). Atg5 deficiency in human tracheobronchial epithelial cells was found to enhance the accumulation of MUC5AC, suggesting a corresponding functional defect in MUC5AC secretion, but not induce the production of MUC5AC. Another, Atg14 depletion results in reduced MUC5AC secretion following stimulation with IL-13. In addition, Atg5 and Atg14 deficiency reduce IL-13-mediated ROS activity and attenuate IL-13-mediated MUC5AC secretion (Dickinson et al., 2016). These results implied that autophagy pathway is required for both IL-13-mediated MUC5AC secretion and reactive oxygen species (ROS) activity in the airway bronchial epithelial cells (Dickinson et al., 2016). And the underlying mechanism of IL-13-mediated increase in superoxide levels is that autophagy pathway could direct Dual oxidase 1 (DUOX1) to the apical surface of the airway epithelium (Dickinson et al., 2018). Moreover, TGF-β3 activation increased ROS levels in a NOX4-dependent pathway and subsequently induced autophagy as well as MUC5AC expression in the epithelial cells (Zhang et al., 2019). These findings suggest a new mechanism in which autophagy is stimulated to regulate MUC5AC secretion in asthma.
Taken together, autophagy plays a key role in cellular function of a variety of different cell types in different stages of development of asthma focus on different autophagy proteins. Impaired autophagy pathway maybe induced progress of severe asthma. Moreover autophagy can have a direct protective role on epithelial cell populations. However, autophagy contribution in the pathogenesis of allergic asthma through different cells is implicated in the review. Therefore make targeting of autophagy for clinical applications facing challenging.
THE EFFECTS OF CHINESE HERBAL MEDICINE ON AUTOPHAGY
Therapies targets to autophagy pathway benefit to restore airway inflammation and airway remodeling urging us to find autophagy modulators for treatment of asthma. (CHM), a natural compounds, taking as efficiency source of autophagy modulators come into our sight. Since autophagy pathway underlines a broad range of pathological conditions in asthma, the successful therapeutic outcomes of using autophagy modulators suggest the need for intensively investigating the pharmaceutical potential of compounds with autophagy-adjusting ability. Recent research findings not only shed light on the potential novel applications and formulation of CHMs via regulation of autophagy possibly being an important mechanism underlying the therapeutic effect of CHMs in treating disease, but also highlight that the natural autophagic compounds and extracts from CHM are of interest due to their potential new therapeutic application in diseases. While a number of autophagy regulators, such as Oyaksungisan, Shensuyin, Ginseng, Turmeric and Ginger have been reported, natural autophagic compounds from CHMs are of interested because of their potential new therapeutic applications (Figure 1).
[image: Figure 1]FIGURE 1 | Proposed flow chat involving the influence of the potential benefit of Chinese Herbal Medicine (CHM) in treating asthma possibly via modulating the process of autophagy. Natural products and their active compounds have the potential to modulate autophagy and futher interaction with inflammatory cytokines in the development of asthma, thereby inhibition any possible effects on asthma and ameliorating the development of the diseases.
The Herbal Medicine Formula in Modulating Autophagy
CHM is an ancient yet still active medicinal system widely used in China. A major therapeutic approach of CHM is the use of a mixture of herbs, called the Traditional Medicine Formulation. The mixture of herbs exerts therapeutic actions and modulates other effects, with the principal herbal constituents providing the main therapeutic actions.
Oyaksungisan (OY) is a traditional herbal medication formula consisting of twelve herbs: Ephedra Herb, Citrus Unshiu Peel, Lindera Root, Cnidii Rhizoma, Angelica Dahurica Root, Batryticatus Bombyx, Aurantii Fructus Immaturus, Platycodon Root, Zingiberis Rhizoma, Glycyrrhizae Radix et Rhizoma, Zingiberis Rhizoma Crudus, and Zizyphi Fructus (Yim et al., 2013). Some of the herbs in OY, including Citus Unshiu Peel, Lindera Root, Angelica Dahurica Root and Zingiberis Rhizoma, have been reported to have anti-cancer effects through induction of autophagy (Yim et al., 2013). OY can induce the activation of Mitogen-activated protein kinase (MAPK) cascades involved in the activation of autophagy also via JNK activation. JNK signaling pathway accompanying with autophagy activation might contribute to the maintenance of allergic airway inflammation (Fang et al., 2020). Numerous studies have reported the bioactivities of OY of neuroprotection, anti-H2O2-induced apoptosis and anti-inflammation effects (Oh et al., 2012; Yim et al., 2013). OY contains anti-inflammatory activity related with inhibition of NF-κB pathway (Oh et al., 2012). NF-κB signaling pathway and autophagy pathway have the potential to modulate asthma (Song et al., 2019). These indicated that OY have effect of modulating autophagy potentially influence in inflammation of asthma.
Pingchuanning decoction is a well-known traditional Chinese medicine for the treatment of airway inflammatory diseases. Pingchuanning decoction had an intervention effect on alleviation of airway inflammation, relief of bronchial smooth muscle spasm, and inhibition of airway remodeling in asthma (Fang et al., 2012). Pingchuanning decoction contributes to the amelioration of airway inflammation via inhibition of autophagy (Wang et al., 2019).
Shensuyin (Samsoeum, SSE), a traditional herbal formula, has been widely used to treat cough and fever (Kim et al., 2013). The herbal plants in SSE include Paerillae Folium, Puerariae Radix, Pinelliae Tuber, Angelicae Decursivae Radix, Ginseng Radix, Poria Sclerotium, Autantii Fructus Immaturus, Platycodonis Radix, Glycyrrhizae Radix et Rhizoma, Citri Unshius Pericarpium, Zingiberis Rhizoma Crudus, and Ziziyphi Fructus. Recent studies have reported that SSE can modulate asthma reactions and pulmonary damage via inhibition of the expression of cyclooxygenase 2 (COX-2), of inflammatory cytokines and of the activation of NF-κB (Cho et al., 2008; Kim et al., 2013). SSE has a potential function targeting to autophagy pathway in modulating cell death and G2/M arrest in cancer cells. SSE treatment can significantly increase the ratio of LC3II to LC3I in cancer cells. Moreover, SSE treatment can inhibit the PI3K/Akt/mTOR signaling pathway. PI3K/Akt/mTOR pathway inhibition is consistent with the induction of autophagy. Moreover, SSEW inhibited the infiltration of inflammatory cells, hyperplasia of goblet cells, and the expression of iNOS in allergic asthma asthma (Jeon et al., 2015a). Thus SSEW has anti-asthma and targeting to autophagy properties.
The Single Herbs in Modulating Autophagy
For the past several thousands of years, Traditional Herbal Formulation has been used to prevent and treat a number of disorders. But to find the directed association between scientific proof and molecular analysis of CHM, a growing number of studies of CHM in disease have focused on molecules extracted and purified from individual herbs. At present, a number of individual herbs have been reported to be beneficial to curing disease via modulating autophagy, such as Radix Ginseng (Ren Shen), Ridix Sophorae Flavescentis (Ku Shen) and others.
Ginseng has been prescribed for maintaining the bioenergetics balance, as suggested by Chinese herbalists, for breathlessness and diabetes. Rb1, Rg1, Rg3, Rh1, Re, and Rd are bioactive ginsenosides from Ren Shen that were revealed by pharmacological studies (Chen et al., 2008). The traditional use of ginseng focuses on its autophagic mechanisms in suppressing neurotoxicity, enhancing cardiac muscle cell survival and suppressing breast cancer stem cells as well as hepatocellular carcinoma. Recent research has reported that gensenosides could also ameliorate inflammation and stimulate the immune system. This research implies a potential relationship between the role of autophagy and the role of modulating inflammation by ginseng, suggesting autophagy in the potential new therapeutic action of ginseng in modulating the onset of asthma.
Ridix Sophorae Flavescentis (Ku Shen), documented in editions of the pharmacopoeia of the People’s Republic of China, has had more than 200 compounds isolated and extracted. Modern pharmacological studies have shown that matrine is the most active of these components with multiple pharmacological effects, including anti-tumor, antiviral, and anti-inflammation, as well as anti-asthmatic activities (Wang et al., 2015a; You et al., 2020). The main target of matrine’s anti-tumor therapeutic effects is to induce autophagic cell death and apoptosis in the cancer cells. Matrine treatment can induce apoptosis in gastric cancer MKN45 cells, leukemia U937, and K562 cells, and C6 glioma cells (Liu et al., 2006; Jiang et al., 2007; Luo et al., 2007; Zhang et al., 2009). Both autophagy and apoptosis are activated in HepG2 cells and gastric cancer SGC-7901 cells following matrine treatment (Zhang et al., 2010; Li et al., 2013). Matrine treatment in HepG2 cells and gastric cancer SGC-7901 cells up-regulates mRNA expression of Beclin1, which is a critical component of mammalian autophagy and a haploinsufficient tumor suppressor gene. The present pharmacological studies have revealed that the anti-inflammation of matrine is related to the inhibition of ROS production and oxidative stress, and the inhibition of NF-κB activation.
At present, there are occurring a lot of discoveries of natural autophagy regulators from CHM with potential use in therapeutic applications in cancer and neurodegenerative disease models. Although little direct linkage between the traditional herbs-induced autophagy and its anti-asthmatic effects has been reported, owing to the significant role of autophagy in immunomodulation, the involvement of such a process cannot be disregarded.
Traditional Anti-asthmatic Herbal Medicines
Licorice, the Root of Glycyrrhiza Uralensis
Licorice, the root of Glycyrrhiza uralensis, is one of the most frequently used drugs in traditional Chinese medicine. A large number of prescriptions contain licorice as a significant component present in Shang-Han-Lun (Katakai and Tani, 2003). Licorice possesses properties with potential benefit for asthma suffers. Some traditional formulas containing licorice, for example, “Shaoyao-Gancao-tang”, have been prescribed for treating asthma (Shibata, 2000). Pharmacological studies have revealed that the major bioactive components in licorice root are flavonoids and pentacyclic triterpene saponin (Kamei et al., 2003). Isoliguiritigenin is a member of the flavonoids, which evokes obvious tracheal relaxation effects Liu et al. (2008), and the traditional use of licorice for asthma treating is due to anti-inflammation (Kuang et al., 2018; Huang et al., 2019; Upadhyay et al., 2020) related to inhibiting inflammatory cells’ infiltration, decreasing oxidative stress, and reducing pro-inflammatory mediators’ production, such as TNF-α and IL-1β (Yu et al., 2018; Hou et al., 2019). In addition, licorice and its component licochalcone-A can induce autophagic cell death though inhibition of the mTOR pathway in cancer cells (Yo et al., 2009). These findings shed light on the development of the new usage of licorice in disease treatment through induction of autophagy. However, the mechanism of autophagy in mediating the traditional anti-asthmatic function of licorice remains to be investigated.
Chinese Skullcap (Huang Qin)
Chinese skullcap (Huang Qin) is a common herbal remedy in the field of traditional medicine. The root of skullcaps, known as Radix Scutellariae, is the source of the Chinese medicine Huang Qin (Zhao et al., 2019). It has been in use for over 2000 years as a remedy for the treatment of hepatitis, diarrhea and inflammatory diseases such as asthma (Zhao et al., 2016). Pharmacological studies have revealed that the biological activities in Huang Qin originate from flavonoids like baicalein, baicalin, wogonin, and wogonoside (Li-Weber, 2009). The biological compounds of Huang Qin can help prevent the histamine discharge from mast cells in vitro. Baicalin was shown to effect anti-asthmatic activity in isolated tracheal muscle from asthmatic guinea pigs (Liaw et al., 1999). Current research on the effect of Chinese Skullcap in asthma is limited to alleviating the inflammation and hypersensitivity prevailing in the airways. There is no precise mechanism known of the anti-inflammation function of Chinese Skullcap in asthma. The anti-cancer effect of Radix Scutellariae, such as induction of cell death and cell cycle arrest, could be mediated through autophagy (Wang et al., 2015b). Although the involvement of autophagy in the Radix Scutellariae-triggered anti-asthmatic disease mechanism is still elusive, the progression of gastroenteritis and hepatitis are highly autophagic-related, suggesting a potential autophagic therapeutic role by Radix Scutellariae in chronic inflammation diseases such as asthma.
Turmeric (Jiang Huang Su)
Turmeric (Jiang Huang Su) possesses a wide spectrum of biological and pharmacological activities (Sharifi-Rad et al., 2020). Curcumin is a component of turmeric, which has been used for centuries in traditional Chinese medicine to treat several diseases (Jennings and Parks, 2020; Li et al., 2020). The biological effects of curcumin, such as anti-inflammation and anti-oxidant effects, have been reported in asthma treatment (Lelli et al., 2017). The anti-inflammatory effect of curcumin in treating asthma not only mediated the expression of inflammatory factors but also regulated many inflammatory cells involved in modulating NF-κB pathway and downregulation of inflammatory cytokines such as IL-5 and IL-8 (Lelli et al., 2017). Treatment of an asthmatic model of mice with curcumin leads to significant reduction of eosinophils, neutrophils monocytes and mast cells so as to blocking histamine release (Ammar et al., 2011; Abidi et al., 2014), which meanwhile inhibiting airway smooth muscle cell proliferation and ameliorating airway remodeling in asthma (Kobayashi et al., 1997; Zeng et al., 2013; Chauhan et al., 2014). Recently, curcumin has been found to have therapeutic potential towards cancer by autophagy pathway. (Kim et al., 2012; Xiao et al., 2013). Also, curcumin has autophagic modulating properties via mediating the PI3K/Akt/mTOR pathway in neuroprotective and renoprotective effect (Wang et al., 2014). These findings suggest that autophagy may be behind the newly discovered properties of curcumin targeting chronic inflammatory diseases, including asthma.
Artemisia Asiatica Nakai (Ai Cao)
Artemisia asiatica Nakai (Ai Cao), which belongs to the family Compositae, specifically the leaves of this plant, is known for its anti-inflammatory, anti-microbial, anti-tumor, anti-oxidative, neuroprotective, and gastroprotective properties, has been documented to be effective in various disease conditions (Lee et al., 2008; Lim et al., 2008; Jeong et al., 2014; Ahuja et al., 2018). Eupatilin is regarded as the main phytochemical and bioactive component of the flavonoids from this plant (Jung et al., 2012). Eupatilin plays a therapeutic role in asthma, inhibiting the infiltration of inflammatory cells such as the inhibition of adhesion of eosinophils to bronchial epithelial cells (Jeon et al., 2015b; Ahuja et al., 2018). DA-9601, a Food and Drug Administration-approved drug that comprises eupatilin as an active ingredient, was developed as a clinical therapeutic agent for asthma treatment due to its capability of suppressing the airway allergic inflammation via regulation of various cellular molecules expressed by the MAP kinases/NF-κB pathway (Kim et al., 2006). DA-9601 can also reduce tissue remodeling by inhibiting TNF-α-induced MMPs and goblet cell hyperplasia caused by IL-5 (Kim et al., 2006). Eupatilin also induces autophagy against arachidonic acid and iron-induced oxidative stress in HepG2 cells (Jegal et al., 2016). However, little research has reported the role of autophagy induced by eupatilin in mediating allergic airway inflammation. These findings suggest that autophagy may be the underlying molecular mechanism responsible for treating asthma by artemisia asiatica.
Picrorhiza Kurroa (Hu Huang Lian)
Picrorhiza kurroa (Hu Huang Lian) is a small perennial herb belonging to the family scrophulariaceae, and is a well-known herb of traditional medicine with anti-oxidant, anti-inflammatory, and immunomodulatory activities (Russo et al., 2001). The rhizome of P. kurroa has been reported to contain iridoid glycosides, such as picroside I and picroside II, terpene like cucurbitacins and flavonoids like apocynin, which are responsible for the anti-cancer, anti-asthmatic and hepatoprotective potential of the plant (Zahiruddin et al., 2017). The anti-asthmatic effect of Picrorhiza kurroa reduces airway obstruction in asthma (Anand et al., 2008). Previous studies have reported that the anti-inflammatory activity of Picrorhiza kurroa is mediated through the suppression of macrophage-derived cytokines and mediators via suppression of NF-κB signaling (Piao et al., 2017). At present, there is little knowledge of the precise mechanism of Picrorhiza kurroa in mediating allergic airway inflammation (Mahajani and Kulkarni, 1977). Picroside II is one of the most effective components extracted from P. kurroa, which affects the autophagic pathway in modulating the progression of severe acute pancreatitis (SAP) via inhibiting NF-κB, TNF-α, and SIRT1, suggesting that the autophagy pathway provides a new insight into asthma treatment using Picrorhiza kurroa.
Ginkgo Biloba (Yin Xing)
Ginkgo biloba (Yin Xing) has been used in traditional Chinese medicine for about 1,000 years. Ginkgo biloba extract (GBE) is collected from the dried green leaves of the plant (Singh et al., 2019). Pharmacological studies have demonstrated that Ginkgo biloba extract contains two major active components including flavonoids (ginkgo-flavone glycosides) and terpenoids (ginkgolides and bilobalides) (Loew, 2002). The therapeutics effect of GBE in asthma has been reported to present as a decrease of vasopermeability, bronchoconstriction relief and the amelioration of patients’ hypersensitivity to antigens (Tang et al., 2007). However, there is a lack of definitive evidence and direct mechanism that GBE works in improving the asthma condition. The traditional use of GBE is as a complementary and alternative medicine option for neurodegenerative diseases via the autophagy pathway (Liu et al., 2015b), suggesting that autophagy might be a new choice mechanism of GBE treatment for other diseases, such as asthma.
Fructus Evodiae (Wu Zhu Yu)
Fructus evodiae (Wu Zhu Yu) has been used frequently as a traditional medicine against inflammatory diseases in China and Japan. Evodiamine (EVO) and rucarpine are compounds extracted from Fructus evodiae, which were shown to have inhibitory effects on TNF-α and IL-4 protein expression in RBL-2H3 cells induced by IgE-antigen complex (Yang et al., 2018). These results imply that EVO and rutaecarpine may be effective against IgE-induced allergic diseases. EVO is a major alkaloid compound extracted from the dry unripened fruit Evodiae fructus (Evodia rutaecarpa Benth., Rutaceae). EVO has a variety of pharmacological activities, such as anti-obesity, anti-allergenic, analgesic, anti-tumor, anti-ulcerogenic, and neuroprotective activities (Tan and Zhang, 2016).
Ginger (Sheng Jiang)
Ginger (Sheng Jiang) has been used in traditional medicine for the treatment of respiratory diseases such as asthma (Yocum et al., 2020). Pharmalogical activities of ginger and its constituents in health management work through modulation of various biological activities, including antioxidant activity, anti-inflammatory activity, anti-tumor activity, anti-microbial activity, anti-diabetic activity, and neuroprotective, gastroprotective, hepatoprotective effects (Mao et al., 2019). The active compounds of ginger comprise of gingerol and other gingerol-related compounds, paradols, shogaols, zingerone, zerumbone, 1-Dehydro- (10) gingerdione, terpenoids, and genger flavonoids (Chrubasik et al., 2005). A previous study has shown that ginger and its isolated active components may provide a therapeutic option, alone or in combination with accepted therapeutics such as β2-agonists, in asthma through modulation of the relaxation of airway smooth muscle (ASM) and attenuating airway hyperresponsiveness, in part by altering intracellular calcium regulation (Townsend et al., 2013). Ginger extracts can arrest allergic inflammation in the airway though inhibiting inflammatory cell infiltration in blood and BALF, decreasing IL-4 and IL-5 expression in the lung tissues and BALF (Khan et al., 2015). In addition, 6-gingerol was found to induce cervical cancer cell death by upregulating caspase-3-mediated apoptosis and autophagy, partly via the repression of Akt signaling (Chakraborty et al., 2012). In pancreatic cancer, 6-gingerol induces cytotoxicity exclusively through autophagy by activating AMPK-mTOR signaling, which is a process independent of necroptosis and apoptosis (Law et al., 2016). These findings suggest potential autophagy properties of Ginger, which supports the possibility of a novel mechanism of autophagy modulating-activity of Ginger exhibiting therapeutic effects towards asthma.
Bronchial inflammation and airway remolding are common pathological features shared by asthma. However airway remolding the major difficult in treatment accompaning decreasing of lung function characteristiced smooth muscles rewalling, globet cell hyperplasia and mucus hypersecretion, which is induced extensively, though not exclusively. These asthma therapeutic compounds listed here were reported mostly by their anti-inflammation features along with relaxation of airway smooth muscle (ASM), attenuating airway hyperresponsiveness and inhibiting inflammatory cell infiltration. Another facet to consider for asthma therapy with these proposed potential traditional medicines is their polypharmacological nature. For example, they are also autophagy modulators in cancer or neurodisease, reinforcing that these CHMs potentialy simultaneously target autophagy passway focused on anti-inflammation and futhur anti-mucus hypersecretion via interaction with inflammation cytokines.
CONCLUSION
Above all, CHM is one of the main lines of complementary and alternative therapy of bronchial asthma, as it is the third most popular choice of both adults and children suffering from this condition. An increasing number of CHMs have been discovered as autophagy modulators. Such autophagic-regulatory effects are potentially therapeutic for allergic inflammatory diseases such as asthma. Although we have found that many autophagy modulators isolated from anti-asthmatic-CHMs were possibly related to new mechanisms and functions of these plants in the treatment of asthma diseases, we are still far away from translating these traditional herbs or formula into clinical applications in asthma therapy. The cell type-specific property of autophagy should be taken into account, which may otherwise minimize the efficacy of the applied herbs. Moreover, the functional consequences of autophagy induction on these cells vary under different disease conditions. Therefore, detailed and systematic investigations concerning the interaction between CHMs and autophagy-related disorders in a comprehensive molecular approach are needed. Positive findings in these areas could widen the scope of CHM applications by suggesting novel intervention strategies, which have not been mentioned in the traditional Chinese pharmacopeia.
Since the molecular mechanisms and functions of many autophagy modulators isolated from CHM have been intensively studied, we will work in the future to provide a direct link from traditional use to new pharmacological applications associated with autophagy in asthma treatment with these plants.
PROSPECT
Taken to note, as the certein mechanisms of either of the CHMs list in the paper modulates autophagy in response to asthma related stimulis may vary depending on the type of cells or the cell metabolism and/or environment Thus we need to further studing asthma therapeutic drugs or autophagy modulators conducted on asthma models in vivo and invtro to reveal the polypharmacological approach of natural products taget the diseases with complex pathologies such as asthma.
AUTHOR CONTRIBUTION
JD, YYL, YZ and VW provided the scope of the research, conceived the manuscript structure. XW and YZ conducted the literature review and wrote the first draft of the manuscript. XW draft the flowchart of Figure 1. SPW, HT, HH, and HZ has critically revised the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (NO. 81900028), Qingmiao Project of Affiliated Hospital of Southwest Medical University and the Foundation of Luzhou Science and Technology Program and Southwest Medical University (NO. 2019LZXNYDJ09).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The granted project of Dr. Neher′s Biophysics Laboratory for Innovative Drug Discovery from the Macao Science and Technology Development Fund (Project code: 001/2020/ALC).
REFERENCES
 Abidi, A., Gupta, S., Agarwal, M., Bhalla, H. L., and Saluja, M. (2014). Evaluation of Efficacy of Curcumin as an Add-On Therapy in Patients of Bronchial Asthma. J. Clin. Diagn. Res. 8, HC19–HC24. doi:10.7860/JCDR/2014/9273.4705
 Adcock, I. M., and Caramori, G. (2001). Cross‐talk between Pro‐inflammatory Transcription Factors and Glucocorticoids. Immunol. Cel. Biol. 79, 376–384. doi:10.1046/j.1440-1711.2001.01025.x
 Ahuja, A., Yi, Y.-S., Kim, M.-Y., and Cho, J. Y. (2018). Ethnopharmacological Properties of Artemisia Asiatica: A Comprehensive Review. J. Ethnopharmacol. 220, 117–128. doi:10.1016/j.jep.2018.03.032
 Ammar, E.-S. M., Gameil, N. M., Shawky, N. M., and Nader, M. A. (2011). Comparative Evaluation of Anti-inflammatory Properties of Thymoquinone and Curcumin Using an Asthmatic Murine Model. Int. Immunopharmacol. 11, 2232–2236. doi:10.1016/j.intimp.2011.10.013 
 Anand, P., Kunnumakkara, A. B., Harikumar, K. B., Ahn, K. S., Badmaev, V., and Aggarwal, B. B. (2008). Modification of Cysteine Residue in P65 Subunit of Nuclear Factor-κB (NF-κB) by Picroliv Suppresses NF-κB-Regulated Gene Products and Potentiates Apoptosis. Cancer Res. 68, 8861–8870. doi:10.1158/0008-5472.can-08-1902 
 Ban, G.-Y., Pham, D. L., Trinh, T. H. K., Lee, S.-I., Suh, D.-H., Yang, E.-M., et al. (2016). Autophagy Mechanisms in Sputum and Peripheral Blood Cells of Patients with Severe Asthma: a New Therapeutic Target. Clin. Exp. Allergy 46, 48–59. doi:10.1111/cea.12585 
 Bartemes, K. R., Kephart, G. M., Fox, S. J., and Kita, H. (2014). Enhanced Innate Type 2 Immune Response in Peripheral Blood from Patients with Asthma. J. Allergy Clin. Immunol. 134, 671–678. doi:10.1016/j.jaci.2014.06.024
 Bousquet, J., Chanez, P., Lacoste, J. Y., Barnéon, G., Ghavanian, N., Enander, I., et al. (1990). Eosinophilic Inflammation in Asthma. N. Engl. J. Med. 323, 1033–1039. doi:10.1056/nejm199010113231505
 Brinkmann, V., and Zychlinsky, A. (2012). Neutrophil Extracellular Traps: Is Immunity the Second Function of Chromatin?J. Cel. Biol . 198, 773–783. doi:10.1083/jcb.201203170
 Chakraborty, D., Bishayee, K., Ghosh, S., Biswas, R., Kumar Mandal, S., and Rahman Khuda-Bukhsh, A. (2012). [6]-Gingerol Induces Caspase 3 Dependent Apoptosis and Autophagy in Cancer Cells: Drug-DNA Interaction and Expression of Certain Signal Genes in HeLa Cells. Eur. J. Pharmacol. 694, 20–29. doi:10.1016/j.ejphar.2012.08.001
 Chan, T. K., Loh, X. Y., Peh, H. Y., Tan, W. N. F., Tan, W. S. D., Li, N., et al. (2016). House Dust Mite-Induced Asthma Causes Oxidative Damage and DNA Double-Strand Breaks in the Lungs. J. Allergy Clin. Immunol. 138, 84–96. doi:10.1016/j.jaci.2016.02.017
 Chauhan, P. S., Subhashini, , Dash, D., and Singh, R. (2014). Intranasal Curcumin Attenuates Airway Remodeling in Murine Model of Chronic Asthma. Int. Immunopharmacol. 21, 63–75. doi:10.1016/j.intimp.2014.03.021 
 Chen, C.-f., Chiou, W.-f., and Zhang, J.-t. (2008). Comparison of the Pharmacological Effects ofPanax ginsengandPanax Quinquefolium. Acta Pharmacol. Sin. 29, 1103–1108. doi:10.1111/j.1745-7254.2008.00868.x 
 Chen, Z.-H., Wu, Y.-F., Wang, P.-L., Wu, Y.-P., Li, Z.-Y., Zhao, Y., et al. (2016). Autophagy Is Essential for Ultrafine Particle-Induced Inflammation and Mucus Hyperproduction in Airway Epithelium. Autophagy 12, 297–311. doi:10.1080/15548627.2015.1124224 
 Cho, S. J., Kim, H. W., Kim, B.-Y., and Cho, S. I. (2008). Sam So Eum, a Herb Extract, as the Remedy for Allergen-Induced Asthma in Mice. Pulm. Pharmacol. Ther. 21, 578–583. doi:10.1016/j.pupt.2008.02.001 
 Choi, A. M., Ryter, S. W., and Levine, B. (2013). Autophagy in Human Health and Disease. N. Engl. J. Med. 368, 1845–1846. doi:10.1056/nejmra1205406
 Choi, G. E., Yoon, S.-Y., Kim, J.-Y., Kang, D.-Y., Jang, Y. J., and Kim, H. S. (2018). Autophagy Deficiency in Myeloid Cells Exacerbates Eosinophilic Inflammation in Chronic Rhinosinusitis. J. Allergy Clin. Immunol. 141, 938–950. doi:10.1016/j.jaci.2017.10.038
 Christensson, C., Thorén, A., and Lindberg, B. (2008). Safety of Inhaled Budesonide. Drug Saf. 31, 965–988. doi:10.2165/00002018-200831110-00002 
 Chrubasik, S., Pittler, M. H., and Roufogalis, B. D. (2005). Zingiberis Rhizoma: a Comprehensive Review on the Ginger Effect and Efficacy Profiles. Phytomedicine 12, 684–701. doi:10.1016/j.phymed.2004.07.009 
 Cloonan, S. M., Lam, H. C., Ryter, S. W., and Choi, A. M. (2014). Ciliophagy. Autophagy 10, 532–534. doi:10.4161/auto.27641 
 de Luca, A., Smeekens, S. P., Casagrande, A., Iannitti, R., Conway, K. L., Gresnigt, M. S., et al. (2014). IL-1 Receptor Blockade Restores Autophagy and Reduces Inflammation in Chronic Granulomatous Disease in Mice and in Humans. Proc. Natl. Acad. Sci. USA 111, 3526–3531. doi:10.1073/pnas.1322831111
 Deo, S., Mistry, K., Kakade, A., and Niphadkar, P. (2010). Role Played by Th2 Type Cytokines in IgE Mediated Allergy and Asthma. Lung India 27, 66–71. doi:10.4103/0970-2113.63609 
 Dickinson, J. D., Alevy, Y., Malvin, N. P., Patel, K. K., Gunsten, S. P., Holtzman, M. J., et al. (2016). IL13 Activates Autophagy to Regulate Secretion in Airway Epithelial Cells. Autophagy 12, 397–409. doi:10.1080/15548627.2015.1056967 
 Dickinson, J. D., Sweeter, J. M., Warren, K. J., Ahmad, I. M., De Deken, X., Zimmerman, M. C., et al. (2018). Autophagy Regulates DUOX1 Localization and Superoxide Production in Airway Epithelial Cells during Chronic IL-13 Stimulation. Redox Biol. 14, 272–284. doi:10.1016/j.redox.2017.09.013 
 Fang, L., Shen, Q. Y., Wu, H. M., He, F., Ding, P. S., Xu, K., et al. (2020). TLR2 Favors OVA-Induced Allergic Airway Inflammation in Mice through JNK Signaling Pathway with Activation of Autophagy. Life Sci. 256, 117896. doi:10.1016/j.lfs.2020.117896 
 Fang, X.-m., Li, J., Li, Z.-g., and Dong, X.-b. (2012). Functional Mechanism of Pingchuanning Decoction on Adjustment of Clara Cell Secretory Protein in Airway Remodeling of Asthmatic Rats. J. Tradit. Chin. Med. 32, 215–221. doi:10.1016/s0254-6272(13)60014-x
 Fergeson, J. E., Patel, S. S., and Lockey, R. F. (2017). Acute Asthma, Prognosis, and Treatment. J. Allergy Clin. Immunol. 139, 438–447. doi:10.1016/j.jaci.2016.06.054
 Fujita, H., Chalubinski, M., Rhyner, C., Indermitte, P., Meyer, N., Ferstl, R., et al. (2011). Claudin-1 Expression in Airway Smooth Muscle Exacerbates Airway Remodeling in Asthmatic Subjects. J. Allergy Clin. Immunol. 127, 1612–1621. doi:10.1016/j.jaci.2011.03.039
 Georas, S. N., and Rezaee, F. (2014). Epithelial Barrier Function: at the Front Line of Asthma Immunology and Allergic Airway Inflammation. J. Allergy Clin. Immunol. 134, 509–520. doi:10.1016/j.jaci.2014.05.049
 George, L., and Brightling, C. E. (2016). Eosinophilic Airway Inflammation: Role in Asthma and Chronic Obstructive Pulmonary Disease. Ther. Adv. Chronic Dis. 7, 34–51. doi:10.1177/2040622315609251 
 Harris, J., Hartman, M., Roche, C., Zeng, S. G., O'Shea, A., Sharp, F. A., et al. (2011). Autophagy Controls IL-1β Secretion by Targeting Pro-IL-1β for Degradation. J. Biol. Chem. 286, 9587–9597. doi:10.1074/jbc.m110.202911
 He, C., and Klionsky, D. J. (2009). Regulation Mechanisms and Signaling Pathways of Autophagy. Annu. Rev. Genet. 43, 67–93. doi:10.1146/annurev-genet-102808-114910 
 Hogan, S. P., Rosenberg, H. F., Moqbel, R., Phipps, S., Foster, P. S., Lacy, P., et al. (2008). Eosinophils: Biological Properties and Role in Health and Disease. Clin. Exp. Allergy 38, 709–750. doi:10.1111/j.1365-2222.2008.02958.x 
 Holgate, S. T. (2008). The Airway Epithelium Is central to the Pathogenesis of Asthma. Allergol. Int. 57, 1–10. doi:10.2332/allergolint.r-07-154 
 Hou, X., Yang, S., and Zheng, Y. (2019). Licochalcone A Attenuates Abdominal Aortic Aneurysm Induced by Angiotensin II via Regulating the miR-181b/SIRT1/HO-1 Signaling. J. Cel. Physiol . 234, 7560–7568. doi:10.1002/jcp.27517 
 Hu, M., Luo, Q., Alitongbieke, G., Chong, S., Xu, C., Xie, L., et al. (2017). Celastrol-Induced Nur77 Interaction with TRAF2 Alleviates Inflammation by Promoting Mitochondrial Ubiquitination and Autophagy. Mol. Cel . 66, 141–153. doi:10.1016/j.molcel.2017.03.008 
 Huang, W. C., Liu, C. Y., Shen, S. C., Chen, L. C., Yeh, K. W., Liu, S. H., et al. (2019). Protective Effects of Licochalcone A Improve Airway Hyper-Responsiveness and Oxidative Stress in a Mouse Model of Asthma. Cells 8. 617. doi:10.3390/cells8060617 
 Jegal, K. H., Ko, H. L., Park, S. M., Byun, S. H., Kang, K. W., Cho, I. J., et al. (2016). Eupatilin Induces Sestrin2-dependent Autophagy to Prevent Oxidative Stress. Apoptosis 21, 642–656. doi:10.1007/s10495-016-1233-6 
 Jennings, M. R., and Parks, R. J. (2020). Curcumin as an Antiviral Agent. Viruses 12, 1242. doi:10.3390/v12111242 
 Jeon, J. I., Ko, S. H., Kim, Y.-J., Choi, S. M., Kang, K. K., Kim, H., et al. (2015). The Flavone Eupatilin Inhibits Eotaxin Expression in an NF-κB-Dependent and STAT6-Independent Manner. Scand. J. Immunol. 81, 166–176. doi:10.1111/sji.12263
 Jeon, W. Y., Shin, I. S., Shin, H. K., and Lee, M. Y. (2015). Samsoeum Water Extract Attenuates Allergic Airway Inflammation via Modulation of Th1/Th2 Cytokines and Decrease of iNOS Expression in Asthmatic Mice. BMC Complement. Altern. Med. 15, 47. doi:10.1186/s12906-015-0561-3 
 Jeong, D., Yi, Y.-S., Sung, G.-H., Yang, W. S., Park, J. G., Yoon, K., et al. (2014). Anti-inflammatory Activities and Mechanisms of Artemisia Asiatica Ethanol Extract. J. Ethnopharmacol. 152, 487–496. doi:10.1016/j.jep.2014.01.030
 Jiang, H., Hou, C., Zhang, S., Xie, H., Zhou, W., Jin, Q., et al. (2007). Matrine Upregulates the Cell Cycle Protein E2F-1 and Triggers Apoptosis via the Mitochondrial Pathway in K562 Cells. Eur. J. Pharmacol. 559, 98–108. doi:10.1016/j.ejphar.2006.12.017
 Jung, J., Ko, S. H., Yoo, D. Y., Lee, J. Y., Kim, Y.-J., Choi, S. M., et al. (2012). 5,7-Dihydroxy-3,4,6-trimethoxyflavone Inhibits Intercellular Adhesion Molecule 1 and Vascular Cell Adhesion Molecule 1 via the Akt and Nuclear Factor-κB-dependent Pathway, Leading to Suppression of Adhesion of Monocytes and Eosinophils to Bronchial Epithe. Immunology 137, 98–113. doi:10.1111/j.1365-2567.2012.03618.x 
 Jyothula, S. S. S. K., and Eissa, N. T. (2013). Autophagy and Role in Asthma. Curr. Opin. Pulm. Med. 19, 30–35. doi:10.1097/mcp.0b013e32835b1150 
 Kamei, J., Nakamura, R., Ichiki, H., and Kubo, M. (2003). Antitussive Principles of Glycyrrhizae Radix, a Main Component of the Kampo Preparations Bakumondo-To (Mai-Men-Dong-Tang). Eur. J. Pharmacol. 469, 159–163. doi:10.1016/s0014-2999(03)01728-x
 Katakai, M., and Tani, T. (2003). A Pair of Crude Drugs Used in Shang-Han-Lun, Especially the Ways of Using Roasted Licorice. Yakushigaku Zasshi 38, 151–160.
 Khan, A. M., Shahzad, M., Raza Asim, M. B., Imran, M., and Shabbir, A. (2015). Zingiber Officinaleameliorates Allergic Asthma via Suppression of Th2-Mediated Immune Response. Pharm. Biol. 53, 359–367. doi:10.3109/13880209.2014.920396 
 Kim, A., Yim, N. H., and Ma, J. Y. (2013). Samsoeum, a Traditional Herbal Medicine, Elicits Apoptotic and Autophagic Cell Death by Inhibiting Akt/mTOR and Activating the JNK Pathway in Cancer Cells. BMC Complement. Altern. Med. 13, 233. doi:10.1186/1472-6882-13-233 
 Kim, J. Y., Kim, D. Y., Lee, Y. S., Lee, B. K., Lee, K. H., and Ro, J. Y. (2006). DA-9601, Artemisia Asiatica Herbal Extract, Ameliorates Airway Inflammation of Allergic Asthma in Mice. Mol. Cell 22, 104–112.
 Kim, J. Y., Cho, T. J., Woo, B. H., Choi, K. U., Lee, C. H., Ryu, M. H., et al. (2012). Curcumin-induced Autophagy Contributes to the Decreased Survival of Oral Cancer Cells. Arch. Oral Biol. 57, 1018–1025. doi:10.1016/j.archoralbio.2012.04.005 
 KleinJan, A. (2016). Airway Inflammation in Asthma. Curr. Opin. Pulm. Med. 22, 46–52. doi:10.1097/mcp.0000000000000224 
 Kobayashi, T., Hashimoto, S., and Horie, T. (1997). Curcumin Inhibition of Dermatophagoides Farinea-Induced Interleukin-5 (IL-5) and Granulocyte Macrophage-colony Stimulating Factor (GM-CSF) Production by Lymphocytes from Bronchial Asthmatics. Biochem. Pharmacol. 54, 819–824. doi:10.1016/s0006-2952(97)00220-7 
 Kuang, Y., Li, B., Fan, J., Qiao, X., and Ye, M. (2018). Antitussive and Expectorant Activities of Licorice and its Major Compounds. Bioorg. Med. Chem. 26, 278–284. doi:10.1016/j.bmc.2017.11.046 
 Laitinen, L. A., Heino, M., Laitinen, A., Kava, T., and Haahtela, T. (1985). Damage of the Airway Epithelium and Bronchial Reactivity in Patients with Asthma. Am. Rev. Respir. Dis. 131, 599–606. doi:10.1164/arrd.1985.131.4.599 
 Lam, H. C., Cloonan, S. M., Bhashyam, A. R., Haspel, J. A., Singh, A., Sathirapongsasuti, J. F., et al. (2013). Histone Deacetylase 6-mediated Selective Autophagy Regulates COPD-Associated Cilia Dysfunction. J. Clin. Invest. 123, 5212–5230. doi:10.1172/jci69636
 Lang, D. M. (2015). Severe Asthma: Epidemiology, burden of Illness, and Heterogeneity. Allergy Asthma Proc. 36, 418–424. doi:10.2500/aap.2015.36.3908 
 Law, B., Mok, S., Wu, A., Lam, C., Yu, M., and Wong, V. (2016). New Potential Pharmacological Functions of Chinese Herbal Medicines via Regulation of Autophagy. Molecules 21, 359. doi:10.3390/molecules21030359 
 Lee, S., Lee, M., and Kim, S.-H. (2008). Eupatilin Inhibits H2O2-Induced Apoptotic Cell Death through Inhibition of Mitogen-Activated Protein Kinases and Nuclear Factor-κB. Food Chem. Toxicol. 46, 2865–2870. doi:10.1016/j.fct.2008.05.026 
 Lelli, D., Sahebkar, A., Johnston, T. P., and Pedone, C. (2017). Curcumin Use in Pulmonary Diseases: State of the Art and Future Perspectives. Pharmacol. Res. 115, 133–148. doi:10.1016/j.phrs.2016.11.017 
 Levine, B., and Kroemer, G. (2008). Autophagy in the Pathogenesis of Disease. Cell 132, 27–42. doi:10.1016/j.cell.2007.12.018 
 Lewis, G., Wang, B., Shafiei Jahani, P., Hurrell, B. P., Banie, H., Aleman Muench, G. R., et al. (2019). Dietary Fiber-Induced Microbial Short Chain Fatty Acids Suppress ILC2-Dependent Airway Inflammation. Front. Immunol. 10, 2051. doi:10.3389/fimmu.2019.02051 
 Li, K., Li, M., Li, W., Yu, H., Sun, X., Zhang, Q., et al. (2019). Airway Epithelial Regeneration Requires Autophagy and Glucose Metabolism. Cell Death Dis. 10, 875. doi:10.1038/s41419-019-2111-2 
 Li, Y., Zhang, J., Ma, H., Chen, X., Liu, T., Jiao, Z., et al. (2013). Protective Role of Autophagy in Matrine-Induced Gastric Cancer Cell Death. Int. J. Oncol. 42, 1417–1426. doi:10.3892/ijo.2013.1817
 Li, Z., Shi, M., Li, N., and Xu, R. (2020). Application of Functional Biocompatible Nanomaterials to Improve Curcumin Bioavailability. Front. Chem. 8, 589957. doi:10.3389/fchem.2020.589957 
 Li-Weber, M. (2009). New Therapeutic Aspects of Flavones: the Anticancer Properties of Scutellaria and its Main Active Constituents Wogonin, Baicalein and Baicalin. Cancer Treat. Rev. 35, 57–68. doi:10.1016/j.ctrv.2008.09.005 
 Liaw, J., Gau, Y. Y., and Chao, Y. C. (1999). Effect of Baicalin on Tracheal Permeability in Ovalbumin (OA)-sensitized guinea Pigs. Pharm. Res. 16, 1653–1657. doi:10.1023/a:1011985427736 
 Lim, B. O., Chung, H. G., Lee, W.-H., Lee, H. W., and Suk, K. (2008). Inhibition of Microglial Neurotoxicity by Ethanol Extract of Artemisia Asiatica Nakai. Phytother. Res. 22, 279–282. doi:10.1002/ptr.2304 
 Liu, B., Yang, J., Wen, Q., and Li, Y. (2008). Isoliquiritigenin, a Flavonoid from Licorice, Relaxes guinea-pig Tracheal Smooth Muscle In Vitro and In Vivo: Role of cGMP/PKG Pathway. Eur. J. Pharmacol. 587, 257–266. doi:10.1016/j.ejphar.2008.03.015
 Liu, J.-N., Suh, D.-H., Trinh, H. K. T., Chwae, Y.-J., Park, H.-S., and Shin, Y. S. (2016). The Role of Autophagy in Allergic Inflammation: a New Target for Severe Asthma. Exp. Mol. Med. 48, e243. doi:10.1038/emm.2016.38 
 Liu, K., Zhao, E., Ilyas, G., Lalazar, G., Lin, Y., Haseeb, M., et al. (2015). Impaired Macrophage Autophagy Increases the Immune Response in Obese Mice by Promoting Proinflammatory Macrophage Polarization. Autophagy 11, 271–284. doi:10.1080/15548627.2015.1009787 
 Liu, X.-S., Jiang, J., Jiao, X.-Y., Wu, Y.-E., and Lin, J.-H. (2006). Matrine-induced Apoptosis in Leukemia U937 Cells: Involvement of Caspases Activation and MAPK-independent Pathways. Planta. Med. 72, 501–506. doi:10.1055/s-2006-931534 
 Liu, X., Hao, W., Qin, Y., Decker, Y., Wang, X., Burkart, M., et al. (2015). Long-term Treatment with Ginkgo Biloba Extract EGb 761 Improves Symptoms and Pathology in a Transgenic Mouse Model of Alzheimer's Disease. Brain Behav. Immun. 46, 121–131. doi:10.1016/j.bbi.2015.01.011 
 Liu, X. H., Zhao, P. Y., Wang, X. J., Wang, L., Zhu, Y. J., Song, Y. D., et al. (2019). Celastrol Mediates Autophagy and Apoptosis via the ROS/JNK and Akt/mTOR Signaling Pathways in Glioma Cells. J. Exp. Clin. Canc Res. 38. doi:10.1186/s13046-019-1173-4
 Loew, D. (2002). Stellenwert von Ginkgo biloba in der Behandlung der Alzheimer-Demenz. Wien Med. Wochenschr 152, 418–422. doi:10.1046/j.1563-258x.2002.02065.x 
 Luo, C., Zhu, Y., Jiang, T., Lu, X., Zhang, W., Jing, Q., et al. (2007). Matrine Induced Gastric Cancer MKN45 Cells Apoptosis via Increasing Pro-apoptotic Molecules of Bcl-2 Family. Toxicology 229, 245–252. doi:10.1016/j.tox.2006.10.020 
 Mahajani, S. S., and Kulkarni, R. D. (1977). Effect of Disodium Cromoglycate and Picrorhiza Kurroa Root Powder on Sensitivity of guinea Pigs to Histamine and Sympathomimetic Amines. Int. Arch. Allergy Immunol. 53, 137–144. doi:10.1159/000231744
 Maneechotesuwan, K., Kasetsinsombat, K., Wongkajornsilp, A., and Barnes, P. J. (2021). Role of Autophagy in Regulating Interleukin-10 and the Responses to Corticosteroids and Statins in Asthma. Clin. Exp. Allergy . doi:10.1111/cea.13825
 Mao, Q. Q., Xu, X. Y., Cao, S. Y., Gan, R. Y., Corke, H., Beta, T., et al. (2019). Bioactive Compounds and Bioactivities of Ginger (Zingiber Officinale Roscoe). Foods 8, 185. doi:10.3390/foods8060185 
 Martin, L. J., Gupta, J., Jyothula, S. S., Butsch Kovacic, M., Biagini Myers, J. M., Patterson, T. L., et al. (2012). Functional Variant in the Autophagy-Related 5 Gene Promotor Is Associated with Childhood Asthma. PLoS One 7, e33454. doi:10.1371/journal.pone.0033454 
 McAlinden, K. D., Deshpande, D. A., Ghavami, S., Xenaki, D., Sohal, S. S., Oliver, B. G., et al. (2019). Autophagy Activation in Asthma Airways Remodeling. Am. J. Respir. Cel. Mol. Biol. 60, 541–553. doi:10.1165/rcmb.2018-0169oc 
 McBrien, C. N., and Menzies-Gow, A. (2017). The Biology of Eosinophils and Their Role in Asthma. Front. Med. (Lausanne) 4, 93. doi:10.3389/fmed.2017.00093 
 Munitz, A., Brandt, E. B., Mingler, M., Finkelman, F. D., and Rothenberg, M. E. (2008). Distinct Roles for IL-13 and IL-4 via IL-13 Receptor 1 and the Type II IL-4 Receptor in Asthma Pathogenesis. Proc. Natl. Acad. Sci. 105, 7240–7245. doi:10.1073/pnas.0802465105
 Naylor, B. (1962). The Shedding of the Mucosa of the Bronchial Tree in Asthma. Thorax 17, 69–72. doi:10.1136/thx.17.1.69 
 Ni Chroinin, M., Greenstone, I. R., Danish, A., Magdolinos, H., Masse, V., Zhang, X., et al. (2005). Long-acting Beta2-Agonists versus Placebo in Addition to Inhaled Corticosteroids in Children and Adults with Chronic Asthma. Cochrane Database Syst. Rev. CD005535. doi:10.1002/14651858.CD005535
 Nunes, C., Pereira, A. M., and Morais-Almeida, M. (2017). Asthma Costs and Social Impact. Asthma Res. Pract. 3, 1. doi:10.1186/s40733-016-0029-3 
 O'Grady, S. M. (2019). Oxidative Stress, Autophagy and Airway Ion Transport. Am. J. Physiol. Cel. Physiol. 316, C16–C32. doi:10.1152/ajpcell.00341.2018
 Oh, Y. C., Cho, W. K., Oh, J. H., Im, G. Y., Jeong, Y. H., Yang, M. C., et al. (2012). Fermentation by Lactobacillus Enhances Anti-inflammatory Effect of Oyaksungisan on LPS-Stimulated RAW 264.7 Mouse Macrophage Cells. BMC Complement. Altern. Med. 12, 17. doi:10.1186/1472-6882-12-17 
 Painter, J. D., Galle-Treger, L., and Akbari, O. (2020). Role of Autophagy in Lung Inflammation. Front. Immunol. 11, 1337. doi:10.3389/fimmu.2020.01337 
 Pham, D. L., Ban, G.-Y., Kim, S.-H., Shin, Y. S., Ye, Y.-M., Chwae, Y.-J., et al. (2017). Neutrophil Autophagy and Extracellular DNA Traps Contribute to Airway Inflammation in Severe Asthma. Clin. Exp. Allergy 47, 57–70. doi:10.1111/cea.12859 
 Piao, X., Liu, B., Guo, L., Meng, F., and Gao, L. (2017). Picroside II Shows Protective Functions for Severe Acute Pancreatitis in Rats by Preventing NF-κB-Dependent Autophagy. Oxid. Med. Cel. Longev. 2017, 7085709. doi:10.1155/2017/7085709 
 Poon, A. H., Chouiali, F., Tse, S. M., Litonjua, A. A., Hussain, S. N. A., Baglole, C. J., et al. (2012). Genetic and Histologic Evidence for Autophagy in Asthma Pathogenesis. J. Allergy Clin. Immunol. 129, 569–571. doi:10.1016/j.jaci.2011.09.035
 Pu, Q., Gan, C., Li, R., Li, Y., Tan, S., Li, X., et al. (2017). Atg7 Deficiency Intensifies Inflammasome Activation and Pyroptosis in Pseudomonas Sepsis. J. Immunol. 198, 3205–3213. doi:10.4049/jimmunol.1601196 
 Remijsen, Q., Berghe, T. V., Wirawan, E., Asselbergh, B., Parthoens, E., De Rycke, R., et al. (2011). Neutrophil Extracellular Trap Cell Death Requires Both Autophagy and Superoxide Generation. Cell Res . 21, 290–304. doi:10.1038/cr.2010.150 
 Russo, A., Izzo, A. A., Cardile, V., Borrelli, F., and Vanella, A. (2001). Indian Medicinal Plants as Antiradicals and DNA Cleavage Protectors. Phytomedicine 8, 125–132. doi:10.1078/0944-7113-00021 
 Sharifi-Rad, J., Rayess, Y. E., Rizk, A. A., Sadaka, C., Zgheib, R., Zam, W., et al. (2020). Turmeric and Its Major Compound Curcumin on Health: Bioactive Effects and Safety Profiles for Food, Pharmaceutical, Biotechnological and Medicinal Applications. Front. Pharmacol. 11, 01021. doi:10.3389/fphar.2020.01021 
 Shibata, S. (2000). A Drug over the Millennia: Pharmacognosy, Chemistry, and Pharmacology of Licorice. Yakugaku Zasshi 120, 849–862. doi:10.1248/yakushi1947.120.10_849 
 Silveira, J. S., Antunes, G. L., Kaiber, D. B., da Costa, M. S., Ferreira, F. S., Marques, E. P., et al. (2020). Autophagy Induces Eosinophil Extracellular Traps Formation and Allergic Airway Inflammation in a Murine Asthma Model. J. Cel. Physiol . 235, 267–280. doi:10.1002/jcp.28966
 Silverpil, E., and Lindén, A. (2012). IL-17 in Human Asthma. Expert Rev. Respir. Med. 6, 173–186. doi:10.1586/ers.12.12 
 Sin, D. D., Man, J., Sharpe, H., Gan, W. Q., and Man, S. F. P. (2004). Pharmacological Management to Reduce Exacerbations in Adults with Asthma. JAMA 292, 367–376. doi:10.1001/jama.292.3.367 
 Singh, S. K., Srivastav, S., Castellani, R. J., Plascencia-Villa, G., and Perry, G. (2019). Neuroprotective and Antioxidant Effect of Ginkgo Biloba Extract Against AD and Other Neurological Disorders. Neurotherapeutics 16, 666–674. doi:10.1007/s13311-019-00767-8 
 Song, G., Zhang, Y., Yu, S., Lv, W., Guan, Z., Sun, M., et al. (2019). Chrysophanol Attenuates Airway Inflammation and Remodeling through Nuclear Factor‐kappa B Signaling Pathway in Asthma. Phytother. Res. 33, 2702–2713. doi:10.1002/ptr.6444 
 Suzuki, Y., Maazi, H., Sankaranarayanan, I., Lam, J., Khoo, B., Soroosh, P., et al. (2016). Lack of Autophagy Induces Steroid-Resistant Airway Inflammation. J. Allergy Clin. Immunol. 137, 1382–1389. doi:10.1016/j.jaci.2015.09.033
 Tam, A., Wadsworth, S., Dorscheid, D., Man, S. F. P., and Sin, D. D. (2011). The Airway Epithelium: More Than Just a Structural Barrier. Ther. Adv. Respir. Dis. 5, 255–273. doi:10.1177/1753465810396539 
 Tan, Q., and Zhang, J. (2016). Evodiamine and Its Role in Chronic Diseases. Adv. Exp. Med. Biol. 929, 315–328. doi:10.1007/978-3-319-41342-6_14 
 Tang, Y., Xu, Y., Xiong, S., Ni, W., Chen, S., Gao, B., et al. (2007). The Effect of Ginkgo Biloba Extract on the Expression of PKCα in the Inflammatory Cells and the Level of IL-5 in Induced Sputum of Asthmatic Patients. J. Huazhong Univ. Sc. Technol. 27, 375–380. doi:10.1007/s11596-007-0407-4
 Townsend, E. A., Siviski, M. E., Zhang, Y., Xu, C., Hoonjan, B., and Emala, C. W. (2013). Effects of Ginger and its Constituents on Airway Smooth Muscle Relaxation and Calcium Regulation. Am. J. Respir. Cel. Mol. Biol. 48, 157–163. doi:10.1165/rcmb.2012-0231oc
 Trevor, J. L., and Deshane, J. S. (2014). Refractory Asthma: Mechanisms, Targets, and Therapy. Allergy 69, 817–827. doi:10.1111/all.12412 
 Upadhyay, S., Mantha, A. K., and Dhiman, M. (2020). Glycyrrhiza Glabra (Licorice) Root Extract Attenuates Doxorubicin-Induced Cardiotoxicity via Alleviating Oxidative Stress and Stabilising the Cardiac Health in H9c2 Cardiomyocytes. J. Ethnopharmacol. 258, 112690. doi:10.1016/j.jep.2020.112690
 Vazquez-Tello, A., Semlali, A., Chakir, J., Martin, J. G., Leung, D. Y., Eidelman, D. H., et al. (2010). Induction of Glucocorticoid Receptor-β Expression in Epithelial Cells of Asthmatic Airways by T-Helper Type 17 Cytokines. Clin. Exp. Allergy 40, 1312–1322. doi:10.1111/j.1365-2222.2010.03544.x 
 Wang, C., Zhang, X., Teng, Z., Zhang, T., and Li, Y. (2014). Downregulation of PI3K/Akt/mTOR Signaling Pathway in Curcumin-Induced Autophagy in APP/PS1 Double Transgenic Mice. Eur. J. Pharmacol. 740, 312–320. doi:10.1016/j.ejphar.2014.06.051
 Wang, W., You, R.-l., Qin, W.-j., Hai, L.-n., Fang, M.-j., Huang, G.-h., et al. (2015). Anti-tumor Activities of Active Ingredients in Compound Kushen Injection. Acta Pharmacol. Sin. 36, 676–679. doi:10.1038/aps.2015.24 
 Wang, X., Gao, Y., Yang, Q., Fang, X., and Li, Z. (2019). Pingchuanning Decoction Attenuates Airway Inflammation by Suppressing Autophagy via Phosphatidylinositol 3‐kinase/protein Kinase B/mammalian Target of Rapamycin Signaling Pathway in Rat Models of Asthma. J. Cel. Biochem. 120, 3833–3844. doi:10.1002/jcb.27665
 Wang, X., Yang, X., Li, Y., Wang, X., Zhang, Y., Dai, X., et al. (2017). Lyn Kinase Represses Mucus Hypersecretion by Regulating IL-13-induced Endoplasmic Reticulum Stress in Asthma. Ebiomedicine 15, 137–149. doi:10.1016/j.ebiom.2016.12.010 
 Wang, Y.-F., Li, T., Tang, Z.-H., Chang, L.-L., Zhu, H., Chen, X.-P., et al. (2015). Baicalein Triggers Autophagy and Inhibits the Protein Kinase B/Mammalian Target of Rapamycin Pathway in Hepatocellular Carcinoma HepG2 Cells. Phytother. Res. 29, 674–679. doi:10.1002/ptr.5298 
 Wesselborg, S., and Stork, B. (2015). Autophagy Signal Transduction by ATG Proteins: from Hierarchies to Networks. Cell. Mol. Life Sci. 72, 4721–4757. doi:10.1007/s00018-015-2034-8 
 Wilson, N. J., Boniface, K., Chan, J. R., McKenzie, B. S., Blumenschein, W. M., Mattson, J. D., et al. (2007). Development, Cytokine Profile and Function of Human Interleukin 17-producing Helper T Cells. Nat. Immunol. 8, 950–957. doi:10.1038/ni1497 
 Xiao, K., Jiang, J., Guan, C., Dong, C., Wang, G., Bai, L., et al. (2013). Curcumin Induces Autophagy via Activating the AMPK Signaling Pathway in Lung Adenocarcinoma Cells. J. Pharmacol. Sci. 123, 102–109. doi:10.1254/jphs.13085fp
 Yang, D., Li, L., Qian, S., and Liu, L. (2018). Evodiamine Ameliorates Liver Fibrosis in Rats via TGF-β1/Smad Signaling Pathway. J. Nat. Med. 72, 145–154. doi:10.1007/s11418-017-1122-5
 Yim, N. H., Jung, Y. P., Kim, A., Ma, C. J., Cho, W. K., and Ma, J. Y. (2013). Oyaksungisan, a Traditional Herbal Formula, Inhibits Cell Proliferation by Induction of Autophagy via JNK Activation in Human Colon Cancer Cells. Evid. Based Complement. Alternat Med. 2013, 231874. doi:10.1155/2013/231874 
 Yo, Y.-T., Shieh, G.-S., Hsu, K.-F., Wu, C.-L., and Shiau, A.-L. (2009). Licorice and Licochalcone-A Induce Autophagy in LNCaP Prostate Cancer Cells by Suppression of Bcl-2 Expression and the mTOR Pathway. J. Agric. Food Chem. 57, 8266–8273. doi:10.1021/jf901054c
 Yocum, G. T., Hwang, J. J., Mikami, M., Danielsson, J., Kuforiji, A. S., and Emala, C. W. (2020). Ginger and its Bioactive Component 6-shogaol Mitigate Lung Inflammation in a Murine Asthma Model. Am. J. Physiol. Lung Cell Mol. Physiol. 318, L296–L303. doi:10.1152/ajplung.00249.2019 
 You, L., Yang, C., Du, Y., Wang, W., Sun, M., Liu, J., et al. (2020). A Systematic Review of the Pharmacology, Toxicology and Pharmacokinetics of Matrine. Front. Pharmacol. 11, 01067. doi:10.3389/fphar.2020.01067 
 Yu, D., Liu, X., Zhang, G., Ming, Z., and Wang, T. (2018). Isoliquiritigenin Inhibits Cigarette Smoke-Induced COPD by Attenuating Inflammation and Oxidative Stress via the Regulation of the Nrf2 and NF-kappaB Signaling Pathways. Front. Pharmacol. 9, 1001. doi:10.3389/fphar.2018.01001 
 Zahiruddin, S., Khan, W., Nehra, R., Alam, M. J., Mallick, M. N., Parveen, R., et al. (2017). Pharmacokinetics and Comparative Metabolic Profiling of Iridoid Enriched Fraction of Picrorhiza Kurroa - An Ayurvedic Herb. J. Ethnopharmacol. 197, 157–164. doi:10.1016/j.jep.2016.07.072 
 Zeng, X., Cheng, Y., Qu, Y., Xu, J., Han, Z., and Zhang, T. (2013). Curcumin Inhibits the Proliferation of Airway Smooth Muscle Cells In Vitro and In Vivo. Int. J. Mol. Med. 32, 629–636. doi:10.3892/ijmm.2013.1425
 Zhang, J.-Q., Li, Y. M., Liu, T., He, W. T., Chen, Y. T., Chen, X. H., et al. (2010). Antitumor Effect of Matrine in Human Hepatoma G2 Cells by Inducing Apoptosis and Autophagy. World J. Gastroenterol. 16, 4281–4290. doi:10.3748/wjg.v16.i34.4281
 Zhang, S., Qi, J., Sun, L., Cheng, B., Pan, S., Zhou, M., et al. (2009). Matrine Induces Programmed Cell Death and Regulates Expression of Relevant Genes Based on PCR Array Analysis in C6 Glioma Cells. Mol. Biol. Rep. 36, 791–799. doi:10.1007/s11033-008-9247-y 
 Zhang, Y., Guo, L., Law, B. Y., Liang, X., Ma, N., Xu, G., et al. (2020). Resveratrol Decreases Cell Apoptosis through Inhibiting DNA Damage in Bronchial Epithelial Cells. Int. J. Mol. Med. 45, 1673–1684. doi:10.3892/ijmm.2020.4539
 Zhang, Y., Tang, H. M., Liu, C. F., Yuan, X. F., Wang, X. Y., Ma, N., et al. (2019). TGF-β3 Induces Autophagic Activity by Increasing ROS Generation in a NOX4-Dependent Pathway. Mediators Inflamm. 2019, 3153240. doi:10.1155/2019/3153240 
 Zhang, Y., Li, B., Huang, C., Yang, X., Qian, H., Deng, Q., et al. (2013). Ten Cities Cross-Sectional Questionnaire Survey of Children Asthma and Other Allergies in China. Chin. Sci. Bull. 58, 4182–4189. doi:10.1007/s11434-013-5914-z
 Zhang, Y., Morgan, M. J., Chen, K., Choksi, S., and Liu, Z.-g. (2012). Induction of Autophagy Is Essential for Monocyte-Macrophage Differentiation. Blood 119, 2895–2905. doi:10.1182/blood-2011-08-372383 
 Zhang, Y., Tang, H., Yuan, X., Ran, Q., Wang, X., Song, Q., et al. (2018). TGF-β3 Promotes MUC5AC Hyper-Expression by Modulating Autophagy Pathway in Airway Epithelium. Ebiomedicine 33, 242–252. doi:10.1016/j.ebiom.2018.06.032 
 Zhao, Q., Chen, X.-Y., and Martin, C. (2016). Scutellaria Baicalensis, the golden Herb from the Garden of Chinese Medicinal Plants. Sci. Bull. 61, 1391–1398. doi:10.1007/s11434-016-1136-5 
 Zhao, Q., Yang, J., Cui, M.-Y., Liu, J., Fang, Y., Yan, M., et al. (2019). The Reference Genome Sequence of Scutellaria Baicalensis Provides Insights into the Evolution of Wogonin Biosynthesis. Mol. Plant 12, 935–950. doi:10.1016/j.molp.2019.04.002 
 Zhou, J.-S., Zhao, Y., Zhou, H.-B., Wang, Y., Wu, Y.-F., Li, Z.-Y., et al. (2016). Autophagy Plays an Essential Role in Cigarette Smoke-Induced Expression of MUC5AC in Airway Epithelium. Am. J. Physiol. Lung Cell. Mol. Physiol. 310, L1042–L1052. doi:10.1152/ajplung.00418.2015
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Zhang, Wang, Zhang, Tang, Hu, Wang, Wong, Li and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 28 July 2021
doi: 10.3389/fphar.2021.732540


[image: image2]
The miR-130a-3p/TGF-βRII Axis Participates in Inhibiting the Differentiation of Fibroblasts Induced by TGF-β1
Yanhong Liu1, Yan Ding1, Yapeng Hou1, Tong Yu1, Hongguang Nie1 and Yong Cui2*
1Department of Stem Cells and Regenerative Medicine, College of Basic Medical Science, China Medical University, Shenyang, China
2Departments of Anesthesiology, The First Hospital of China Medical University, Shenyang, China
Edited by:
Jian Gao, Second Affiliated Hospital of Dalian Medical University, China
Reviewed by:
Hongwei Yao, Brown University, United States
Xiangming Ji, Georgia State University, United States
* Correspondence: Yong Cui, cynhg@cmu.edu.cn
Specialty section: This article was submitted to Respiratory Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 29 June 2021
Accepted: 19 July 2021
Published: 28 July 2021
Citation: Liu Y, Ding Y, Hou Y, Yu T, Nie H and Cui Y (2021) The miR-130a-3p/TGF-βRII Axis Participates in Inhibiting the Differentiation of Fibroblasts Induced by TGF-β1. Front. Pharmacol. 12:732540. doi: 10.3389/fphar.2021.732540

Pulmonary fibrosis (PF) is a chronic progressive interstitial lung disease that has a poor prognosis. Abnormal activation of transforming growth factor-β1 (TGF-β1) plays a crucial role in fibroblast differentiation. Mesenchymal stem cells (MSCs) are currently being considered for the treatment of PF, but the regulatory mechanisms are poorly understood. We co-cultured bone marrow-derived MSCs and mouse lung fibroblasts (MLg) in the presence of TGF-β1, and studied the protein/mRNA expression of fibrosis markers and related signaling pathways. The effects of miR-130a-3p and TGF-β receptor II (TGF-βRII) on the differentiation of MLg induced by TGF-β1 were studied using immunofluorescence assay, Western blot, and quantitative real-time PCR techniques, respectively. Our results showed that MSCs reversed the overexpression of fibrosis markers and TGF-β1/Smad signaling pathway proteins and mRNAs after TGF-β1 treatment and increased the level of miR-130a-3p. TGF-βRII was identified as a target of miR-130a-3p and was evaluated by dual-luciferase reporter assay. The miR-130a-3p/TGF-βRII axis could suppress the differentiation of lung fibroblasts via the TGF-β1/Smad signaling pathway, thereby reducing the process of PF.
Keywords: pulmonary fibrosis, mesenchymal stem cells, mouse lung fibroblast, microRNA, TGF-β1
INTRODUCTION
Pulmonary fibrosis (PF) is a chronic lung disease, and its incidence has been rising in recent years (Wu and Xu, 2020; Li et al., 2021). PF usually affects elderly patients, and radiation and mechanical or chemical stimulation have become the main risk factors associated with PF (Froidure et al., 2020; Jin et al., 2020; Yang et al., 2020). The main pathological features of PF are alveolar epithelial cell damage, fibroblast proliferation and activation, excessive collagen deposition, and a large accumulation of extracellular matrix (Sauler et al., 2019; Zhi et al., 2020). Transforming growth factor-β1 (TGF-β1) regulates proliferation and differentiation in a multitude of cell types, and TGF-β1/Smad signaling pathway is associated with fibrosis (Barrett et al., 2017; Liu et al., 2020; Wnuk and Paw, 2020). TGF-β1 binds to TGF-β receptor II (TGF-βRII) on the cell surface, which recruits TGF-βRI. Activation of the latter can phosphorylate Smad2/3 and associates with Smad4, which translocates from the cytoplasm to the nucleus, and regulate gene transcription (Yoshida et al., 2018; Wang et al., 2021).
Mesenchymal stem cells (MSCs) were first discovered and isolated from bone marrow and have multilineage differentiation and self-renewal capacity (Li and Wu, 2020). MSCs are able to promote cell proliferation, repair tissue damage, and improve the microenvironment of the lung tissue via extracellular vesicle release to deliver DNA, mRNA, and microRNAs (miRNAs) (Behnke et al., 2020; Kavianpour and Saleh, 2020; Li et al., 2020). Stem cell-derived miRNAs have recently been found to regulate various cellular processes, such as proliferation, apoptosis, stress responses, differentiation, and angiogenesis. Recent literature has shown the potential roles of miRNAs, a type of small noncoding RNA in PF (Dutta et al., 2019; Boateng and Krauss-Etschmann, 2020; Cho et al., 2020), which can regulate target genes or proteins through inflammatory responses related to mRNA degradation or translation inhibition. Among these miRNAs, miR-130a-3p observed in MSCs has been reported to have antitumor effects and has been used for treating neurological diseases (Chen et al., 2010; Glaesel et al., 2020; Zhong et al., 2020). It has also been found that miR-130a-3p could exert cardioprotective effects through the induction of angiogenesis in ischemic hearts after myocardial infarction (Moghaddam, et al., 2019). In the bleomycin-treated mouse PF model, miR-130a-3p mimics significantly reduced the macrophage profibrogenic gene expression (Su et al., 2015). However, studies focused on miR-130a-3p functions in fibroblasts are seldom published. In this study, we investigated bone marrow MSC (BMSC)-derived miR-130a-3p and co-cultured it with mouse lung fibroblasts (MLg) to explore its expression and regulatory mechanism in PF.
By analysis and prediction using TargetScan and miRanda software, we found that miR-130a-3p and TGF-βRII are potential binding partners, the latter of which is important for the TGF-β1 signaling pathway (Kushibiki et al., 2005). We speculate that BMSC-derived miR-130a-3p may participate in the TGF-β1/Smad signaling pathway to inhibit the differentiation of lung fibroblasts, which provides an effective therapeutic approach for PF prevention and treatment by targeting TGF-βRII.
MATERIALS AND METHODS
BMSC Culture and Co-Cultured With MLg
The male C57 mice (weight 9–10 g) were provided by China Medical University, and all experiments were performed with the research protocol approved by the Ethics Committee of China Medical University (No. CMU2019088). According to the method previously reported, BMSCs were isolated and cultured in DMEM/F12 medium with 10% fetal bovine serum (FBS, Gibco, United States), 10 ng/ml recombinant mouse basic fibroblast growth factor (PeproTech, United States), 1% penicillin/streptomycin, and maintained at 37°C in 5% CO2 (Hou et al., 2020). The medium was changed every 2 days. BMSC characterization has been confirmed in our previously published paper (Zhou et al., 2021). At 80% confluence, the medium of BMSCs was changed with DMEM/F12 medium without FBS. BMSC-CM was collected after 24 h and stored at −80°C. MLg was purchased from American Type Culture Collection (ATCC, United States) and cultured in a 6-well plate with DMEM medium adding 10% fetal bovine serum (FBS, Gibco, United States), and 1% penicillin/streptomycin. For the co-culture mode, the BMSCs were prepared in 6-well Transwell inserts, which were transferred to the 6-well plate with MLg seeded at the bottom after 24 h. The BMSCs co-cultured with MLg were treated with DMEM without FBS for another 24 h, and used for the following experiment.
Cell Transfection
BMSCs or MLg was transfected using Lipofectamine 2000 (GenePharma, CHN) according to the manufacturer’s protocol. In brief, 50–60% confluent BMSCs or MLg grown in medium was incubated with Lipofectamine 2000 reagent and TGF-βRII-siRNA (si-TGF-βRII), miR-130a-3p mimic (Mimic), miR-130a-3p inhibitor (Inhibitor), negative control (NC, the negative control of miR-130a-3p mimic or si-TGF-βRII), and inhibitor NC (the negative control of miR-130b inhibitor) for 72 h, respectively. Labeled CY3-miR-130a-3p was also used and its distribution was observed under a fluorescence microscope.
Western Blot Assays
MLg was washed three times with PBS and lysed using a cell lysis reagent. Proteins were analyzed by SDS-PAGE (10% polyacrylamide gels) and transferred to PVDF membranes (Invitrogen, United States). Membranes were blocked with 5% BSA for 1 h and incubated with primary antibodies, which were against α-SMA (Merck, GER; 1:1,000 dilution), FN (Abcam, United States; 1:1,000 dilution), TGF-βRII (Elabscience, CHN; 1:1,000 dilution), SMAD2/3 (Elabscience, CHN; 1:1,000 dilution), p-SMAD2/3 (Elabscience, CHN; 1:1,000 dilution), and β-actin (Santa Cruz, United States; 1:1,000 dilution). The membranes were then washed three times with TBST and incubated with goat anti-rabbit or anti-mouse secondary antibody (ZSGB-BIO, CHN; 1:5,000 dilution) at room temperature for 1 h. The bands of protein were obtained from the same membrane, which were then visualized using an ECL kit on a Tanon-5200 chemiluminescence detection system (Tanon, CHN) and quantified using ImageJ program.
Quantitative Real-Time PCR Analysis
According to the manufacturer’s instructions, total RNA was isolated using TRIzol reagent (Invitrogen, United States) and the extracted RNA samples were quantified by NanoDrop 2000C spectrophotometer (Thermo, United States). Total RNA and miRNAs were reverse transcribed into cDNA using synthesis Kit (TaKaRa, Japan). Quantitative real-time PCR (qRT-PCR) reactions were then performed with SYBR Premix Ex Taq II (TaKaRa, Japan) in the ABI 7500 System. Results were calculated using the GAPDH (for mRNAs) or U6 gene (for miRNAs) (Santa Cruz Biotechnology, United States) as internal controls based on the 2−ΔΔCT method. All the primers are shown in Table 1.
TABLE 1 | Primer sequences of qRT-PCR.
[image: Table 1]Cell Viability Assay
The effects of miR-130a-3p and si-TGF-βRII on MLg viability were measured by CCK8 assay (Dojindo, CHN) according to the manufacturer’s instructions. Briefly, MLg were cultured in a 96-well plate along with NC, miR-130a-3p, or si-TGF-βRII, respectively. After 24 h, TGF-β1 (5 μl) was added to the corresponding well. 48 h after incubation, 10% CCK8 solution was added to each well. After the cells were incubated for additional 2 h, the absorbance was measured at 450 nm wavelength with a microplate reader (Tecan, CH).
Immunofluorescence Staining for α-SMA
MLg was incubated in 6-well plates, and fixed for 30 min with 4% of paraformaldehyde (Sigma, GER). After washing, 0.1% Triton X-100 was used for permeabilization. The cells were then visualized using anti-α-SMA primary antibody (CBL171, Mreck, GER; 1:200 dilution) at 4°C overnight and a labeled secondary antibody for 90 min. The nuclei were stained for DAPI for 15 min in the dark. Finally, the cells were examined using a fluorescence microscope.
Dual Luciferase Reporter Gene Assay
The wild-type (WT) TGF-βRII 3ʹ-untranslated regions (3ʹ-UTR) and mutant-type (MUT) TGF-βRII (3ʹ-UTR) sequences of TGF-βRII were synthesized by GenePharma (CHN). The miR-130a-3p mimic or miR-130a-3p negative control was cotransfected into H441 cells using Lipofectamine 2000. After 48 h, luciferase activities were detected by the Dual Luciferase Reporter Assay Kit (Vazyme, CHN).
Statistical Analysis
All data were processed by Origin 8.0 and presented as the mean ± SE. Normality and homoscedasticity test were done by Levene and Shapiro-Wilk test before applying parametric tests. The differences between two groups was determined by Student’s two-tailed t-test. When the data did not pass the normality or homoscedasticity test, non-parametric t-test (Mann-Whitney U-test) was applied. p < 0.05 was regarded as statistically significant.
RESULTS
BMSCs Rescues TGF-β1-Induced Myofibroblast Differentiation In Vitro
TGF-β1 is involved in the development of PF. Some studies have shown that the inhibition of proliferation and differentiation of fibroblasts are related to the activation of TGF-β1, and the signaling pathways mediated by it play a vital role in lung diseases (Wolters et al., 2014; Aschner and Downey, 2016). The PF model was constructed by treating MLg with 10 ng/mL TGF-β1 for 24 h, which in some case was also added just after MLg was co-cultured with BMSCs. The Western blot assay revealed that the levels of fibrosis markers (α-SMA and FN) in MLg increased after TGF-β1 treatment, whereas the expression levels reduced when co-cultured with BMSCs (Figures 1A–C), indicating a successful PF in vitro model with TGF-β1-induction. Subsequently, we assessed the expression levels of the above indicators with qRT-PCR, and the result was consistent with that of the Western blot (Figures 1D–F). These data suggest that BMSCs significantly rescued TGF-β1-induced myofibroblast differentiation.
[image: Figure 1]FIGURE 1 | TGF-β1 treatment enhances the level of fibrotic-related protein/mRNAs and BMSCs reverse the above expression in MLg. (A) Representative bands of α-SMA and FN protein expression by Western blot in MLg treated with TGF-β1 for 24 h and/or co-cultured with BMSCs for 24 h (B,C) Statistical analyses were showed with relative gray values of the protein bands (α-SMA/β-actin and FN/β-actin). (D-F) Representative statistical analysis of α-SMA, FN and Col III mRNA by qRT-PCR (α-SMA/GAPDH, FN/GAPDH and Col III/GAPDH). Data were presented as mean ± SE, **p < 0.01, ***p < 0.001, compared with Control group. &p < 0.05, &&p < 0.01, compared with TGF group. n = 3–6.
Aberrant transcription of signaling pathways might trigger PF, among which TGF-β1 plays a central role (Saito et al., 2018a; Froidure et al., 2020). As expected, TGF-β1/Smad signaling pathway proteins (TGF-βRII, SMAD2/3 and p-SMAD2/3) increased with TGF-β1 treatment, which was reversed after BMSC administration (Figures 2A–C), and verified at the mRNA level (Figures 2D–F). This observation indicates that the TGF-β1/Smad signaling pathway may participate in the beneficial effect of BMSCs in PF.
[image: Figure 2]FIGURE 2 | BMSCs decrease the level of TGF-β1/Smad signaling pathway proteins in MLg treated with TGF-β1. (A) Representative bands for TGF-βRII, Smad2/3, and p-Smad2/3 protein levels. (B,C) Statistical analyses were obtained from relative gray values of the protein bands (TGF-βRII/β-actin and p-Smad2/3/Smad2/3). (D-F) Representative statistical analysis of TGF-βRI, TGF-βRII and Smad2 mRNA by qRT-PCR (TGF-βRI/GAPDH, TGF-βRII/GAPDH and Smad2/GAPDH). Data were presented as mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001, compared with Control group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with TGF group. n = 3–4.
BMSCs Enhance the Expression Level of miR-130a-3p After TGF-β1 Induction
It is well known that miRNAs can help MSCs communicate with their surrounding environment (Asgarpour et al., 2020). We hypothesized that the role of BMSCs in TGF-β1-induced fibroblasts may be mediated via miRNAs. Based on relevant literature reports and website prediction, we screened out miR-130a-3p that may be beneficial to PF, which was present both in MSCs and MSCs-derived microparticles (Chen et al., 2010; Ferguson, et al., 2018). BMSC-CM is a medium that contains the secretions in BMSCs, such as exosome, miRNAs, etc (Marlina, et al., 2021). We postulated that BMSCs may participate in the protective effects on PF by secreting miR-130a-3p to BMSC-CM and then exert its effects on the receptor cell MLg, and to verify this possibility, we compared the content of miR-130a-3p originating from MLg, BMSC, and BMSC-CM, which showed higher expression levels in BMSC than in BMSC-CM (Figure 3A). Moreover, miR-130a-3p significantly decreased after TGF-β1 induction compared with the control group, which was reversed after BMSC administration, suggesting that miR-130a-3p might be related to BMSC treatment of PF (Figure 3B).
[image: Figure 3]FIGURE 3 | The expression of miR-130a-3p in vitro. (A) The expression of miR-130a-3p in MLg, BMSCs and BMSCs-CM was detected by qRT-PCR (miR-130a-3p/U6). (B) The expression of miR-130a-3p in MLg treated with TGF-β1 for 24 h and/or co-cultured with BMSCs for 24 h +p < 0.05, compared with BMSCs group. *p < 0.05, compared with Control group. &&p < 0.01, compared with TGF group. n = 3.
MiR-130a-3p Inhibits Fibroblast Differentiation
Increasing evidence indicates that both the proliferation and differentiation of fibroblasts contribute to the formation of fibrosis, and TGF-β1 stimulates fibrotic-related α-SMA expression, collagen synthesis, and extracellular matrix deposition (Li et al., 2016; Huang et al., 2017). To confirm the effect of miR-130a-3p, we transfected MLg with the miR-130a-3p mimic and then added TGF-β1 after 48 h. Above all, the CCK8 assay results showed that TGF-β1 significantly promoted the viability in MLg, which was inhibited by miR-130a-3p (Figure 4A). Meanwhile, the immunofluorescence results showed that overexpression of miR-130a-3p inhibited the differentiation of MLg, which was enhanced after TGF-β1 stimulation (Figure 4B). Consistently, TGF-β1 upregulated the expression of fibrotic-related proteins and mRNAs in MLg, which was reversed by the miR-130a-3p mimic (Figures 4C–G). Taken together, these results indicate that miR-130a-3p is involved in the regulation of fibroblast differentiation.
[image: Figure 4]FIGURE 4 | The effect of miR-130a-3p on the differentiation in TGF-β1-induced MLg. (A) The relative cell viability was measured in CCK8 assay, and the data for NC group was set to 100%. (B) The effect of miR-130a-3p on fibroblast-myofibroblast transition was measured with immunofluorescence. Scale bar = 10 μm. (C) Western blot bands of α-SMA and FN protein expression in MLg after transfection of miR-130a-3p. (D,E) Statistical analyses were obtained from relative gray values of the protein bands (α-SMA/β-actin and FN/β-actin). (F,G) The result of qRT-PCR assay shows the α-SMA and FN mRNA level in MLg (α-SMA/GAPDH, and FN/GAPDH). Data were presented as mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001, compared with NC group. &p < 0.05, &&p < 0.01, compared with NC + TGF group. n = 3–5.
TGF-βRII is a Target Gene of miR-130a-3p
Gene targets of miR-130a-3p were identified using miRNA target prediction databases, and we found that TGF-βRII was a possible target gene of miR-130a-3p. Previous studies showed that the TGF-β1 signaling pathway controls cell proliferation, differentiation, organ development, etc., by combing with TGF-βRII (Shi et al., 2020). First, we examined whether miR-130a-3p downregulated TGF-βRII expression by Western blot and qRT-PCR (Figures 5A–C). Moreover, to explore whether miR-130a-3p suppresses the differentiation of MLg by deregulating TGF-βRII, we researched the influence of silencing TGF-βRII on the differentiation of MLg. Using the CCK8 assay, we found that si-TGF-βRII could inhibit the viability of MLg induced by TGF-β1, indicating that TGF-βRII plays an indispensable role in the TGF-β1 signaling pathway (Figure 5D). Simultaneously, si-TGF-βRII was further verified to inhibit differentiation in MLg according to an immunofluorescence assay (Figure 5E). Finally, as shown in Figures 5F–J, fibrosis markers and relative signaling pathways were examined at the protein and mRNA levels, all of which supported that miR-130a-3p could regulate cell differentiation by targeting TGF-βRII.
[image: Figure 5]FIGURE 5 | MiR-130a-3p decreases protein level TGF-βRII in MLg and silencing TGF-βRII inhibits TGF-β1-induced MLg differentiation. (A) Representative Western blot bands of TGF-βRII protein expression in MLg transfected with miR-130a-3p mimic and treated with TGF-β1 for 24 h. (B) Level of TGF-βRII protein was obtained from Western blot analysis. (C) Level of TGF-βRII mRNA was analyzed. (D) The effect of TGF-βRII knockdown on the inhibition of MLg proliferation. (E) Immunofluorescence staining was demonstrated the effect of TGF-βRII silence on MLg differentiation. Scale bar = 10 μm. (F) Western blot bands of α-SMA and FN protein expression in MLg after transfection of si-TGF-βRII. (G,H) Western blot statistical analyses for α-SMA and FN protein (α-SMA/β-actin and FN/β-actin). (I,J) qRT-PCR statistical analyses for α-SMA and FN mRNA (α-SMA/GAPDH and FN/GAPDH). Data were presented as mean ± SE, *p < 0.05, **p < 0.01, ***p < 0.001, compared with NC group. &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with NC + TGF group. n = 3–4.
To further gain evidence regarding miR-130a-3p directly targeted TGF-βRII, we cotransfected NC and the miR-130a-3p mimic (Mimic) into H441 cells with a luciferase reporter system containing the wild-type (WT) or mutated (Mut) 3′-UTR of TGF-βRII (Figures 6A,B). The luciferase activity was decreased in H441 cells cotransfected with miR-130a-3p mimic and TGF-βRII-WT (Mimic + WT), compared with H441 cells cotransfected with NC and TGF-βRII-WT (NC + WT). However, the expression of TGF-βRII-Mut (Mimic + Mut) was not suppressed. These data suggest that TGF-βRII is a direct target gene of miR-130a-3p, which could regulate the differentiation of lung fibroblasts by directly interacting with the 3′-UTR of TGF-βRII.
[image: Figure 6]FIGURE 6 | TGF-βRII is a one of target genes of miR-130a-3p. (A) The possible binding sites of miR-130a-3p with TGF-βRII-3′UTR. (B) Dual-luciferase reporter assays of miR-130a-3p and TGF-βRII. Data were presented as mean ± SE, **p < 0.01, compared with NC + WT group. n = 3.
MiR-130a-3p is Transferred to MLg When Co-Cultured With BMSCs
There is increasing evidence that miRNAs secreted by MSCs play their roles by entering into the receptor cells. We transfected miR-130a-3p mimic or NC into BMSCs, then collected BMSCs-CM after 24 h, and verified the expression of miR-130a-3p in BMSCs-CM by qRT-PCR. Meanwhile, the transfected BMSCs were co-cultured with MLg, and the expression of miR-130a-3p was also detected in MLg (Figure 7A). In order to provide direct evidence that miR-130a-3p in BMSCs can be transferred to MLg, we transfected fluorescently labeled CY3-miR-130a-3p into BMSCs and observed its distribution in the co-cultured MLg under a fluorescence microscope. The evidence of CY3-miR-130a-3p appearance in MLg co-cultured with BMSCs, provided us a proof that at least miR-130a-3p from BMSCs could be transferred to the receptor cell MLg, and then exerted its effects on PF (Figure 7B).
[image: Figure 7]FIGURE 7 | MiR-130a-3p can be transferred to MLg co-cultured with BMSC. (A) MiR-130a-3p mimic (Mimic) or negative control (NC) was transfected in BMSCs, and the transfection efficiency was shown in BMSCs-CM (CM) and co-cultured MLg (MLg), respectively. (B) BMSCs were transfected with CY3-miR-130a-3p, and co-cultured with MLg for 24 h. The Nuclei were counterstained with DAPI (blue), and a representative CY3-miR-130a-3p stained image was shown in the MLg (red). Scale bar, 50 μm. Data were expressed as mean ± SE, **p < 0.01, compared with NC group. n = 3–6.
MiR-130a-3p from BMSCs Participates in the Regulation of Fibrosis Through the TGF-β1/Smad Signaling Pathway
To investigate whether miR-130a-3p from BMSCs could ameliorate the expression of fibrosis markers, we transfected the miR-130a-3p mimic into BMSCs, which were then co-cultured with MLg. As shown in Figure 8 A-E, MLg treated with TGF-β1 increased expression of α-SMA, FN, TGF-βRII, and p-SMAD2/3, all of which were reversed after administration of miR-130a-3p. The above data suggested that BMSCs may participate in the development of PF through miR-130a-3p, which could regulate the TGF-β1/Smad signaling pathway by targeting TGF-βRII.
[image: Figure 8]FIGURE 8 | MiR-130a-3p in BMSCs regulates fibrogenesis of MLg induced by TGF-β1 by inhibiting the function of TGF-βRII. (A) Representative Western blot bands of α-SMA, FN, TGF-βRII, Smad2/3 and p-Smad2/3 protein expression in BMSCs transfected with NC or miR-130a-3p mimic, followed by co-cultured with MLg. (B–E) The statistical analysis of the above-mentioned proteins was obtained from the relative gray values of the protein bands (α-SMA/β-actin, FN/β-actin, TGF-βRII/β-actin, p-Smad2/3/Smad2/3). Data were presented as mean ± SE, **p < 0.01, ***p < 0.001, compared with NC group. &p < 0.05, &&p < 0.01, compared with NC + TGF group. n = 3–4.
DISCUSSION
PF is a progressive interstitial pneumonia characterized by excessive proliferation of fibroblasts and deposition of the extracellular matrix. Currently, the overall prognosis is poor, and effective therapeutic strategies are scarce (Noble et al., 2012; Wang et al., 2016; Chanda et al., 2019). Fibroblasts are regarded as the key effector cells of PF, involved in the key process of pathogenesis (Wuyts et al., 2013). Among them, TGF-β1/Smad signaling participates in the lung epithelium mesenchyme transition, and contributes to the process of PF (Saito et al., 2018b; Liu et al., 2018). In recent years, there has been much enthusiasm regarding MSC therapy for the treatment of lung diseases (Srour and Thébaud, 2015), and there are reports that the beneficial effects of MSCs may be mediated mainly through paracrine action (Willis et al., 2018). In this study, we first demonstrated the impact of BMSCs on MLg with Western Blot and qRT-PCR, and the results showed that compared with the control group, the expression of fibrosis marker and TGF-β1/Smad signaling pathway proteins and mRNAs increased in MLg after using TGF-β1 alone, whereas the effect was opposite after the coadministration of BMSCs. These results confirmed that BMSCs may contribute to alleviating fibrosis formation during PF, the mechanism of which is related to the regulation of the TGF-β1/Smad signaling pathway.
MiRNAs function by binding to the 3′-untranslated regions of mRNA to regulate posttranscriptional processes, thereby controlling various cellular processes (Su et al., 2015; Kang, 2017). We speculate that the above results may also work through miRNAs and evaluate the role of miR-130a-3p, which has been reported to reduce cell senescence and regulate the epithelial-mesenchymal transition (Jiang et al., 2020; Yin et al., 2020). However, it has been relatively seldom studied in TGF-β1-induced lung fibroblasts or PF. First, we confirmed the expression of miR-130a-3p in BMSC-CM and BMSCs by qRT-PCR. In addition, miR-130a-3p was downregulated by treatment with TGF-β1 in MLg, and when co-cultured with BMSCs, the expression level was significantly increased, suggesting that miR-130a-3p derived from BMSCs could influence TGF-β1-induced MLg. Next, overexpression of miR-130a-3p inhibited the cell differentiation phenotype. Future studies are warranted to explore the in vivo effects of miR-130a-3p in a bleomycin-induced PF animal model and its translational value as a diagnostic marker and therapeutic target for PF.
Of note, TGF-βRII has been predicted by relevant websites and verified as a potential target of miR-130a-3p using dual-luciferase reporter system in our study. Moreover, TGF-βRII was downregulated after miR-130a-3p overexpression, consistent with the direct targeting role of TGF-βRII for miR-130a-3p. Previous studies have shown that TGF-βRII-deficient mice could effectively resist PF caused by bleomycin (Li et al., 2011), supporting that as a receptor necessary for TGF-β1 signaling, TGF-βRII is essential for the development of PF (Li et al., 2011; Zhang et al., 2017). After the induction model was constructed by transfection of TGF-βRII siRNA, we found that cell differentiation were inhibited, and the expression of fibrosis marker proteins and mRNAs was reduced, indicating that silencing TGF-βRII had similar effects on the overexpression of miR-130a-3p in the process of affecting fibroblasts. We also verified that BMSCs transmit miR-130a-3p into TGF-β1-induced MLg to target the TGF-βRII axis, thereby inactivating the TGF-β1/Smad signaling pathway (Figure 9), which may provide a future direction for the treatment of PF.
[image: Figure 9]FIGURE 9 | A schematic diagram highlighting the regulation of the cell differentiation by miR-130a-3p in MSCs. The miR-130a-3p secreted by MSCs directly binds to the 3′UTR of TGF-βRII, thereby down-regulating TGF-βRII and inhibiting the recruitment and activation of TGF-βRI, subsequently, phosphorylation of Smad2/3 is inhibited, and unable to form a complex with Smad4, which translocates to the nucleus to regulate gene transcription. MSC, mesenchymal stem cells; TGF-β1, transforming growth factor-β1; TGFBR2, transforming growth factor-β receptor II.
CONCLUSION
MiR-130a-3p in BMSCs inhibits the lung fibroblast differentiation through blocking the activation of TGF-β1/Smad signaling pathway.
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Although a few studies show that the use of electronic nicotine delivery systems (ENDS) may ameliorate objective and subjective outcomes in COPD smokers who switched to electronic cigarettes, it is unclear whether e-cigarette exposure alters lung pathological features and inflammatory response in COPD. Here, we employed βENaC-overexpressing mice bearing COPD-like pulmonary abnormality, and exposed them to ENDS. We found that ENDS exposure aggravated airspace enlargement and mucus production in βENaC-overexpressing mice, which was associated with increased MMP12 and Muc5ac, respectively. ENDS exposure to mice significantly increased the numbers of macrophages, particularly in M2 macrophages in bronchoalveolar lavage (BAL) fluid, despite ENDS did not induce M2 macrophage polarization in a cultured murine macrophage cell line (RAW264.7). There were no changes in neutrophils in BAL fluid by ENDS exposure. Multiple cytokine productions were increased including M-CSF, IL-1r[image: image], IL-10, and TGF-β1, in BAL fluid from mice when exposed to ENDS. The Sirius Red staining and hydroxyproline assay showed ENDS-exposed mice displayed enhanced fibrotic phenotypes compared to control mice. In conclusion, ENDS exposure enhances airspace enlargement, mucus secretion, and fibrogenesis in COPD mice. This is associated with increased MMP12, inflammatory responses, and M2 macrophage phenotype. This study provides pre-clinical data implicating that electronic cigarette exposure is not safe in COPD patients who want to replace traditional cigarettes with ENDS.
Keywords: ENDS, COPD, M2 macrophage, lung fibrosis, inflammation
INTRODUCTION
Electronic nicotine delivery systems (ENDS), also referred to as e-cigarettes, are electronic devices that produce an aerosol by heating a liquid that contains nicotine predominantly (Breland et al., 2017). ENDS is generated for stopping traditional cigarette smoking that is a major risk factor for chronic obstructive pulmonary disease (COPD). Some studies show that ENDS use may ameliorate objective and subjective outcomes in COPD smokers who switched to e-cigarettes, which is associated with abstinence and conventional smoking reduction (Polosa et al., 2016; Polosa et al., 2020). However, ENDS is not safe. Emerging evidence shows that ENDS trigger severe lung injuries and lead to the development of various lung diseases (Shields et al., 2017; Gilpin, 2019; Bhatt et al., 2020; Bhatta and Glantz, 2020; Mcalinden et al., 2020; Traboulsi et al., 2020). In 2019, an epidemic of E-cigarette-associated lung injury affected 49 states of the United States with over 2,600 cases and 60 deaths reported (Belok et al., 2020; Cherian et al., 2020). Moreover, growing evidence reveals that ENDS use is directly associated with the diagnosis of COPD in humans in recent years, and the exposure to ENDS is reported to induce COPD-like phenotype in mice (Garcia-Arcos et al., 2016; Bowler et al., 2017; Perez et al., 2019; Xie et al., 2020). However, the mechanisms have not been fully uncovered yet.
COPD is a primary leading cause of death affecting an estimated 328 million worldwide (Eisner et al., 2010; Quaderi and Hurst, 2018). It is characterized by progressive and irreversible airflow obstruction caused by chronic lung inflammation, in which innate immune cells play a pivotal role (Rovina et al., 2013; Barnes, 2016). Especially, macrophages are key effector cells in COPD which orchestrate immune responses (Kapellos et al., 2018). Macrophages are observed remarkedly increased in lung tissues and bronchoalveolar lavage (BAL) fluid of COPD patients and are associated with COPD severity (Hiemstra, 2013). In general, macrophages consist of two major phenotypes (Mosser and Edwards, 2008). M1 macrophages, referred to as classically activated macrophages, have been described as cytotoxic and pro-inflammatory, and are characterized by secretion of pro-inflammatory cytokines such as interferon (IFN)-γ, IL-6, and IL-12 (Mantovani et al., 2004; Mantovani et al., 2013). M2 macrophages, referred to as alternatively activated macrophages, are considered anti-inflammatory and are related to tissue repair and fibrosis, producing majorly anti-inflammatory cytokines including transforming growth factor β1 (TGF-β1), IL-4, IL-10, M-CSF (Gordon and Martinez, 2010; Martinez and Gordon, 2014; Chávez-Galán et al., 2015). Two phenotypes can switch between each other by different stimuli (Das et al., 2015; Funes et al., 2018). Multiply research groups have reported an alteration of immunophenotypes of macrophages towards M2 phenotype in COPD subjects, with cytokine production skew towards an M2 profile in blood and BAL samples from patients, suggesting M2 macrophages phenotype is a critical player in COPD disease progression (Eapen et al., 2017a; Eapen et al., 2017b; Da Silva et al., 2020). However, it is unclear whether macrophages undergo phenotype alterations after ENDS exposure in COPD, understanding of which would be of great importance to uncover the impact of ENDS on COPD.
It has been shown that βENaC-overexpressing mice have COPD-like pulmonary abnormalities, including mucous hypersecretion, inflammatory and emphysematous phenotypes and pulmonary dysfunction (Johannesson et al., 2012; Seys et al., 2015; Shuto et al., 2016). In this study, we employed βENaC-overexpressing mice and exposed them to ENDS to determine whether ENDS aggravate or exacerbate COPD-like pathological changes. We also measured macrophage immunophenotype and lung fibrogenesis in these mice exposed to ENDS. We observed a significant exacerbation of COPD features in these mice, along with a remarkable change in multiple cytokine production in COPD mice after exposure to ENDS. Further investigations elucidated that the ENDS challenge increased the total macrophage population but did not change neutrophil numbers. Macrophage phenotype was altered with an increase in M2 phenotype after ENDS exposure. In addition, fibrotic phenotypes were enhanced in ENDS-exposed mice, evidenced by a dramatic increase in the level of pro-fibrotic cytokine TGF-β1 and an augment in collagen production. For the first time, our study shows that the ENDS affect macrophage phenotype alteration during COPD development in mice, which leads to an enhancement of lung fibrosis.
MATERIALS AND METHODS
Animal Model
βENaC mice with C57BL/6J background were obtained from the Jackson Laboratory. All animal procedures described were approved by the Institutional Animal Care and Use Committee (IACUC) at Georgia State University. βENaC mice were bred with wild-type C57BL/6J mice to produce hemizygous βENaC for our studies. Animals were genotyped to determine the genetic overexpression of Scnn1b. Briefly, tail snips were harvested and lysed in Proteinase K at 56°C water bath overnight. DNA was extracted by Dneasy Blood and Tissue kit (Qiagen, Foster City, CA). The overexpression of the mouse Scnn1b gene was identified by PCR (Forward: CCT​CCA​AGA​GTT​CAA​CTA​CCG; Reverse: TCT​ACC​AGC​TCA​GCC​ACA​GTG) (Mall et al., 2004). After PCR, samples were run on a 4% agarose gel containing ethidium bromide. Mice carrying Scnn1b overexpression were tagged as βENaC mice for future studies.
Electronic Nicotine Delivery Systems Exposure to βENaC Mice
At 12-week of age, mice (n = 10/group) were randomized into either the ENDS exposure group or the control group. Mice in the ENDS group were exposed to e-cigarette vapor for 30 min daily at a frequency of 5 times per week for a total duration of 8 weeks as shown in Figure 1A. Mice were placed in a smoking chamber attached to an inExpose Smoking Robot (SCIREQ, Montreal, QC, Canada) with an attached e-cigarette accessory (ECX JoyeTech E-Vic Mini, SCIREQ, Canada) for the administration of vaporized S brand e-cigarette liquid containing nicotine at 50 mg/ml with caramel flavoring. After 8 weeks of e-cigarette vapor exposure, animals were euthanized within 24 h after the last e-cigarette vapor exposure using CO2. Then, bronchoalveolar lavage (BAL) fluid, and lung tissues were collected for analysis as described below.
[image: Figure 1]FIGURE 1 | E-cigarette exposure aggravates COPD in βENaC mice. (A) Experimental schematic of whole body ENDS exposure in βENaC mice. (B) ENDS exposure caused emphysematous phenotypes changes in βENaC mice. Representative data of H&E staining images using lung sections of sham air (left) (n = 4) or ENDS exposed (right) (n = 4) mice. (C) Quantification of the free distance between gas exchange surfaces in lungs of βENaC mice with or without ENDS exposure. (D,F) Determination of mRNA levels of COPD-related proteins MMP12 (D) and Muc5ac (F) in lung tissues from βENaC mice with or without ENDS exposure by qPCR. (E) Representative images of Periodic Acid-Schiff staining in lung sections of βENaC mice with or without ENDS exposure. The inset indicates the enlarged image of the boxed area showing positive staining. All data presented at mean [image: image] SEM.
Cell Counts and Cytokine Measurements in Bronchoalveolar Lavage Fluid
After the mice were euthanized, tracheostomy was performed, and lungs were immediately flushed with 1 ml ice-cold phosphate-buffered saline (PBS) twice for collection of BAL fluid. Total cells from the BAL were centrifuged and counted using Countess™ II Automated Cell Counter (Invitrogen, Carlsbad, CA) as previously described (Mall et al., 2004). Total immune cell count (5,000 cells/slide) was performed on Shandon cytospin slides (Thermo Shandon, Pittsburgh, PA) stained with Diff-Quik (Dade Bering, Newark, DE). The BAL supernatants were stored at −80°C until analysis.
Morphometric Assessment
In order to determine the effects of ENDS exposure on the development of emphysema, we did a morphometric assessment according to the previous protocol (Bartalesi et al., 2005; Mall et al., 2008). Briefly, the mouse lungs were inflated with 1% low melting-point agarose to 25 cm of H2O pressure. After 48 h of fixation, lungs were paraffin-embedded, sectioned, and stained with hematoxylin and eosin (H&E). The paraffin slides were baked at 60°C for 2 h, then deparaffinized with xylene and rehydrated with graded ethanol solutions. Next, the slides were incubated with Mayer’s Hematoxylin for 10 min and washed under tap water for 10 min. Slides were then immersed in Eosin for 30 s and washed under tap water, after which, the slides were dehydrated and mounted with a mounting medium. Mean linear intercepts were determined and calculated (Dunnill, 1962).
Immunohistochemistry
The mouse lungs were inflated with 1% low melting-point agarose to 25 cm of fixative pressure and then fixed with 4% neutral buffered formalin for 48 h. Later, these tissue samples were embedded in paraffin, and sectioned into 4 µm sections using a rotary microtome. For immunohistochemical analysis, tissue sections were deparaffinized with xylene and rehydrated with graded concentrations of ethanol, followed by antigen retrieval in 10 mM citric acid solution (pH = 6) for 20 min using a pressure cooker. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide. After blocking with 5% BSA for 30 min, the slides were incubated with the primary antibodies against the following proteins at 4°C overnight: α-smooth muscle actin (α-SMA) 1:500 (Ab5694; Abcam); Arginase I 1:1,000 (sc-20150; Santa Cruz). After washing, the sections were incubated with the appropriate HRP polymers and developed with 3–3′ diaminobenzidine solution (DAB substrate kit; Vector Laboratories). After counterstaining with hematoxylin, the slides were dehydrated and mounted with a mounting medium.
Periodic-Acid Schiff Staining
Periodic-acid Schiff (PAS; Sigma Aldrich, Saint Louis, MO) staining was used to evaluate mucus accumulation and immune cell infiltration. The Periodic-acid Schiff staining was performed following the manufacturer’s instructions. All images were taken at 20x magnification using Keyence Fluorescent Microscope (Keyence, Itasca, IL).
Sirius Red Staining
Sirius Red staining was performed with Novaultra Sirius Red Stain Kit (IW-3012, IHC world) following the instructions of the manufacturer. In brief, the paraffin-embedded slides were deparaffinized in xylene and hydrated in gradient concentrations of ethanol. The slides were stained with Weigert’s hematoxylin for 8 min, followed by picro-sirius red for 1 h. After two washes in acidified water, slides were dehydrated, mounted in a resinous medium, and covered by cover slides.
Cell Culture
Raw264.7 cells were purchased from ATCC and cultured in DMEM media supplied with 10% fetal bovine serum. Raw264.7 cells were maintained in a cell culture incubator at 37°C and 5% CO2. To test whether ENDS can induce macrophage polarization, Raw264.7 were incubated with DMSO or ENDS with nicotine (50 mg/ml) or IL-4+IL-13 (IL-4 20 ng/ml; IL-13 20 ng/ml) for 48 h and harvested for analysis of protein expression by western blot.
Flow Cytometry
Freshly harvested lung tissues were minced and dissociated using collagenase D (Sigma 11088858001, 0.5 mg/ml) and DNase I for 20 min at 37°C on a shaker. Cell suspensions were subsequently passed through a 40 μm cell strainer to get a single cell suspension. Non-specific Fc-mediated interactions were blocked by incubating cells with CD16/CD32 antibodies (Thermofisher, 14–0161–82). Cells were labeled with fluorophore-conjugated antibodies, including CD45-FITC (BioLegend 103,108), F4/80-PE/Cy5 (BioLegend, 123111), CD11b-APC (Thermofisher, 17–0112–82), Ly6G-BV421(BioLegend, 127627), CD206-e450 (Thermofisher, 48–2061–82). At the last step, Cells were resuspended in FACS staining buffer and acquired using LSRFortessa flow cytometer (BD Biosciences). Data were analyzed by FlowJo software (Tree Star).
RNA Isolation and RT-qPCR Analysis
The expressions of inflammatory cytokines, proteins, and growth factors were assessed with qPCR using lung tissues. The total RNA was isolated using the RNeasy Plus mini kit (Qiagen) according to the manufacturer’s instructions. For RT-qPCR, 0.5 μg of total RNA was reverse-transcribed to cDNA using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher K1641). Real-time qPCR was then performed using 2 μL of cDNA using Luna Universal qPCR Master Mix (NEB M3003) with SYBR® Green as the fluorescent dye and the 7,500 Fast Real-Time PCR System (Life Technologies). The primer pairs are used at a final concentration of 250 nM. Primer sequences are listed in the box below (Table 1). Cyclophilin was used as the reference gene. The relative transcript abundance of target genes compared with the reference gene was expressed in the cycle threshold (ΔCt) as ΔCt = Ct(target)—Ct(reference). The relative difference in transcript levels of the treated group compared with the control group was expressed as ΔΔCt = ΔCt(treated)—ΔCt(control). The relative fold changes in the transcript level were represented as 2−ΔΔCt.
TABLE 1 | PCR primers used in this study.
[image: Table 1]Data Analysis
In the case of only two groups, two-tail t-tests were performed to assess the differences. All analyses were carried out using Prism7.0 software (GraphPad Software Inc., San Diego, CA). Values are represented as mean ± SEM. Levels of significance designated as p < 0.05 unless otherwise indicated.
RESULTS
E-Cigarette Exposure Aggravates Chronic Obstructive Pulmonary Disease in βENaC Mice
In our study, the [image: image]ENaC mice were given whole-body ENDS exposure as indicated (Figure 1A). At the end of the treatment, the mice were sacrificed, and organs were collected for further analysis. We observed that lung morphology was changed, and the lung normal structure integrity was damaged after ENDS exposure (Figure 1B). Further assessment of airspace size by mean linear intercept indicated that the free distance between gas exchange surfaces was significantly increased in ENDS-exposed mice by more than 40%, indicating that there were emphysematous changes to lungs (Figures 1B,C). Moreover, we observed a significant accumulation of mucus in bronchi after ENDS exposure (Figure 1E). Additionally, the expression levels of Muc5ac and Mmp12, which are highly involved in COPD (Caramori et al., 2009; Hunninghake et al., 2009; Churg et al., 2012; Li and Ye, 2020), were also increased after ENDS exposure (Figures 1D,F). Overall, the lung emphysema and mucus overproduction after ENDS exposure suggested ENDS aggravate COPD phenotype in [image: image]ENaC mice background.
E-Cigarette Exposure Elevates the Inflammatory Response
COPD is characterized by lung inflammation, leading to progressive and irreversible airflow obstruction (King, 2015). Next, we determined the cytokine production in mice with or without exposure to ENDS. We measured the production of major cytokines by real-time qPCRs using lungs from mice of different groups. The results showed that the ENDS exposure significantly increased the production of multiple cytokines, including M-CSF, IL-1r[image: image], IL-10, and TGF-[image: image]1(Figures 2A–D). In addition, the number of immune cells in BAL fluid collected from mice with ENDS exposure was remarkedly higher than that from mice without ENDS exposure (Figures 2E,F). Together, the ENDS elevate multiple cytokine production, indicating a skewed inflammation response.
[image: Figure 2]FIGURE 2 | E-cigarette exposure elevates inflammatory response. (A–D) Determination of mRNA levels of inflammatory cytokines in lung tissues from βENaC mice with or without ENDS exposure by qPCR. (E) Representative images of Diff-Quik staining of BAL from βENaC mice with or without ENDS exposure (n = 4 per group). (F) Quantification of Diff-Quik staining as in (E) (n = 4 per group). All data presented at mean [image: image] SEM.
E-Cigarette Increases Macrophage Numbers in Lungs
Since ENDS exposure significantly augmented levels of cytokines, which are predominantly secreted by immune cells, for instance, macrophages, so our next question was asked as to whether ENDS exposure modulated populations of immune cells. We then assessed the numbers of macrophages and neutrophils with FACS and found that ENDS exposure increased the numbers of macrophages (Figures 3A,B), but did not change that of neutrophils (Figures 3C,D).
[image: Figure 3]FIGURE 3 | E-cigarette increases macrophage numbers in lungs. (A,C) FACS analysis of cell population of CD45+F4/80+ macrophages and CD11b+Ly6G+ neutrophils in lung tissues of βENaC mice with or without ENDS exposure (n = 3 per group). (B,D) Quantification of FCAS analysis of macrophage and neutrophil population as in (A) and (C), respectively. All data presented at mean [image: image] SEM.
E-Cigarette Increases the Population of M2 Phenotype of Macrophages
Macrophages have two subtypes, M1 and M2. M1 and M2 macrophages have different functions and distinct cytokine profiles. The qPCR results showed ENDS promoted the productions of multiple cytokines including M-CSF, IL-1r[image: image], IL-10, and TGF-[image: image]1. Notably, IL-1r[image: image], IL-10, and TGF-[image: image]1 are typical cytokines of the M2 phenotype of macrophages, especially IL-10, which is predominantly secreted by M2 macrophages (Martinez and Gordon, 2014; Da Silva et al., 2015; Rőszer, 2015). Therefore, we wondered whether ENDS exposure affected the M2 phenotype population. We used FACS to separate the non-M2 and M2 macrophage populations. The single cells were dissociated from lung tissues treated with and without ENDS and labeled by CD45, F4/80, and CD206. M2 macrophages were identified as F4/80+CD45+CD206+ population while non-M2 macrophages as F4/80+ CD45+CD206- population (Figure 4A). The results showed that both non-M2 and M2 populations were significantly increased by ∼25 and ∼50% respectively after ENDS exposure (Figures 4B,C). Notably, the increase in the M2 population was larger compared to the increase in the non-M2 population. We further quantified the percentage of M2 in total macrophages and found that the percentage of M2 in total macrophages was remarkably elevated after ENDS treatment (Figure 4D). In addition, we further assessed M2 macrophages by performing immunohistochemical staining of Arginase 1, a commonly used marker for M2 macrophages, in lungs from mice with and without ENDS exposure. The results showed that the staining of Arginase 1+ M2 macrophages was significantly enriched in ENDS-treated mice (Figures 4E,F). Therefore, our results suggested ENDS exposure resulted in a phenotype alteration of macrophages towards M2 in mouse lungs.
[image: Figure 4]FIGURE 4 | E-cigarette increases the population of M2 phenotype of macrophages. (A) FACS analysis of the cell population of F4/80+CD206+ M2 macrophages in lung tissues of βENaC mice with or without ENDS exposure (n = 3 per group). The M2 macrophages were pre-gated on live CD45+ cells. (B) Quantification of FACS analysis of CD45+F4/80+CD206- non-M2 macrophage cell number in lung tissues of βENaC mice with or without ENDS exposure. (C) Quantification of FACS analysis of CD45+F4/80+CD206+ M2 macrophage cell number in lung tissues of βENaC mice with or without ENDS exposure. (D) Quantification of FACS analysis of CD206+CD45+F4/80+ M2 phenotype percentage in CD45+F4/80+ total macrophages in lung tissues of βENaC mice with or without ENDS exposure. (E) Representative images of immunohistochemical (IHC) staining of Arginase I in lung tissues of βENaC mice with or without ENDS exposure. The inset indicates the enlarged image of the boxed area showing positive staining. (F) Quantification of IHC staining of Arginase I as in (E). The positive staining areas were calculated as percentages of total area, using five randomly selected sections per mouse, a total of four mice in each group. (G) Representative blots showing the expression level of Arginase I after indicated treatments. Actin was used as an internal control. Raw264.7 were treated with DMSO or ENDS (50 mg/ml) or IL-4+IL-13 (IL-4 20 ng/ml; IL-13 20 ng/ml) for 48 h and harvested for analysis of protein expression by western blot. Columns and error bars represent means [image: image] SEM.
Since we observed that ENDS increased the M2 macrophage population, then we asked whether ENDS directly induced M2 macrophages polarization. We tested our hypothesis using murine macrophage cell line Raw264.7. We treated Raw264.7 with DMSO, ENDS, or IL-4+IL-13 and then harvested cells for immunoblots of M2 marker Arginase 1. IL-4+IL-13, which are well-known to induce M2 macrophage polarization, are used as a positive control. Immunoblot results demonstrated that ENDS treatment did not increase Arginase 1 expression compared to DMSO treatment, while IL-4+IL-13 upregulated expression of Arginase 1 in Raw264.7 (Figure 4G). Our results suggest that ENDS do not induce M2 macrophage polarization directly in the cultured murine macrophage cell line.
E-Cigarette Exposure Enhances Fibrotic Phenotypes in the Lungs
Substantial studies have shown that M2 macrophages promote lung fibrosis (Song et al., 2000; Bargagli et al., 2011; Hou et al., 2018); and ENDS elevate extracellular matrix accumulation and profibrotic progress (Chapman et al., 2019; Shi et al., 2019; Wang et al., 2019; Wang et al., 2020), we next questioned whether fibrotic phenotypes were enhanced in the lungs after exposure to ENDS. We assessed collagen content using Sirius Red staining and found that ENDS exposure dramatically increased collagen levels in mice (Figures 5A,B). The collagen is predominantly produced by myofibroblasts, a group of key effector cells in fibrosis progression which is considered as a hallmark of fibrosis (Hinz, 2007; Hinz et al., 2007; Kendall and Feghali-Bostwick, 2014). We then stained myofibroblasts in lung tissues from mice with or without ENDS delivery, using a commonly used marker[image: image]-Smooth Muscle Actin ([image: image]-SMA). The result showed that ENDS treatment increased [image: image]-SMA+ myofibroblast population in the lungs (Figures 5C,D). In addition, the hydroxyproline contents were also remarkably increased in mice receiving ENDS treatment (Figure 5E). These results demonstrate that ENDS enhance lung fibrotic phenotypes in COPD mice.
[image: Figure 5]FIGURE 5 | E-cigarette exposure enhances fibrosis in the lungs. (A) Representative images of Pico-Sirius Red staining in lung sections from βENaC mice with or without ENDS exposure (n = 4 per group). The inset indicates the enlarged image of the boxed area showing positive staining. (B) Quantitative analysis of Pico-Sirius Red staining as in (A). The positive staining areas were calculated as percentages of total area, using five randomly selected sections per mouse, a total of four mice in each group. (C) Representative images of [image: image]-SMA IHC staining in lung sections from βENaC mice with or without ENDS exposure (n = 4 per group). The inset indicates the enlarged image of the boxed area showing positive staining. (D) Quantitative analysis of [image: image]-SMA IHC staining as in (C). The positive staining areas were calculated as percentages of total area, using five randomly selected sections per mouse, a total of four mice in each group. (E) Measurement of collagen contents by hydroxyproline assay using lung tissues of βENaC mice with or without ENDS exposure (n = 4 per group). Columns and error bars represent means [image: image] SEM.
DISCUSSION
Smoking is the leading cause of COPD, which accounts for as much as 90% of COPD risk. ENDS are considered as a safe replacement for cigarette smoking. However, increasing concerns have been raised in recent years as ENDS use shows a high correlation with COPD occurrence (Bowler et al., 2017; Perez et al., 2019), the underneath mechanisms of which have not been fully understood. Here we report that ENDS rewired cytokine production in lungs of COPD mice caused by ENDS exposure. Increasing evidence indicates that chronic inflammatory and immune responses play key roles in the development and progression of COPD (Rovina et al., 2013). Our study is the first one to elucidate that ENDS shaped an anti-inflammatory environment by increasing levels of several important anti-inflammatory cytokines and augmenting the population of the anti-inflammatory M2 phenotype of macrophages. We also found that ENDS increased fibrosis in COPD mice. It has been reported that the development of fibrosis in COPD results in a reduction in lung elasticity, which further worsens COPD (Rovina et al., 2013).
We demonstrated that ENDS exposure elevated inflammation response and enhanced lung fibrosis. Lung inflammation and fibrosis are both essentially implicated in the development and progression of COPD; and they also are closed correlated (Ward and Hunninghake, 1998; Rao et al., 2020). Observations that lung tissues from patients with lung fibrosis display significant inflammation are widely documented, suggesting that the inflammatory process could result in lung fibrosis (Ward and Hunninghake, 1998; Bringardner et al., 2008). Intensive investigations reveal that fibrosis seems to be the end outcome of unresolved chronic inflammatory reactions induced by a variety of stimuli and tissue injury (Wynn, 2008). Specifically, in COPD, the pathogenesis usually starts with an inflammatory process (Cornwell et al., 2010). Under certain circumstances, inflammation reactions are not resolved. Such a chronic, persistent inflammatory response results in extensive fibrosis, and consequently, causes an exacerbation of COPD conditions (Barnes, 2014; Barnes, 2019). In the current study, we found that ENDS exposure elevated inflammation response by increasing multiple cytokine production and enhanced pro-fibrotic activity by augmenting M2 macrophage numbers, both of which worsen the COPD symptoms in mice.
We observed ENDS exposure remarkedly elevated the population of M2 macrophages. The balance of M1/M2 macrophages is well-recognized to control the fate of an organ in inflammation or fibrosis (Patel et al., 2017; Chen et al., 2020). M1 macrophages are known as a pro-inflammatory or anti-fibrotic phenotype as they trigger inflammatory responses by producing proinflammatory cytokines and contribute to tissue destruction (Byrne et al., 2016). Conversely, M2 macrophages are known as an anti-inflammatory or pro-fibrotic phenotype, which are implicated in the aberrant wound-healing process during fibrosis by producing pro-fibrotic cytokines (Byrne et al., 2016; Shapouri-Moghaddam et al., 2018). M2 macrophage numbers are reported to be elevated during fibrotic disease; and excessive M2 macrophages contribute to a pathological fibroproliferative response and consequently promote lung fibrosis found in the later phase of acute lung injury and acute respiratory distress syndrome (Janssen et al., 2011; Xiang et al., 2016). Our finding showing that ENDS elevated M2 macrophage numbers suggests ENDS could lead to a fibrotic amplification which may exacerbate COPD in patients.
We further intended to uncover the underlying mechanisms of how ENDS promoted the alteration of macrophage phenotype. We asked whether ENDS directly regulated the M2 phenotype switch. ENDS is commonly made up of four basic ingredients: water, nicotine, flavorings, and propylene glycol (PG) and/or vegetable glycerin base (VG). Nicotine is usually thought to be the major toxic component in ENDS. It has been shown that cigarette smoke extract (CSE) and pure nicotine can induce M2 phenotype change (Lu et al., 2017; Alqasrawi et al., 2020), so we hypothesized that ENDS may directly induce macrophage M2 polarization via nicotine. However, murine macrophage Raw264.7 did not display an increase in Arginase 1 expression level after the treatment of nicotine-containing ENDS juice, which means the ENDS might not directly induce macrophage M2 polarization. This suggests the importance of vaping smoking in causing the M2 macrophage phenotype. Our results elucidated that anti-inflammatory cytokines were increased after ENDS delivery. Such change in cytokines profile is reported as a stimulus to induce macrophage polarization in murine models of emphysema (Kohler et al., 2019). So, the change in cytokine profile, instead of being a consequence of M2 macrophage polarization, might be the cause of M2 macrophage phenotype change.
Myofibroblasts are major effector cells during lung injury and repair. Our results showed that ENDS exposure increased the number of [image: image]-SMA+ myofibroblasts. The crosstalk between myofibroblast and macrophages has been well-recognized in fibrotic diseases and cancer (Comito et al., 2014; Van Linthout et al., 2014; Fernando et al., 2016; Hou et al., 2018; Johnson et al., 2018; An et al., 2020). Macrophages, especially M2 macrophages release abundant TGF-β1 which is a major driver of the activation of myofibroblasts (Hou et al., 2018). On the other hand, myofibroblasts are active in the secretion of a number of cytokines and chemokines, which are reported to enhance the recruitment and activity of macrophages (Bagalad et al., 2017; Monteran and Erez, 2019). Therefore, another plausible mechanism is that ENDS altered macrophage phenotype through myofibroblast-secreted mediators indirectly, which needs further investigations.
Besides, a typical feature of widespread peribronchiolar fibrosis with collagen deposition in COPD patients suggests fibrosis is probably the earliest and an important mechanism for COPD progression, which however has been long neglected with very few studies (Mcdonough et al., 2011; Hogg et al., 2017; Koo et al., 2018; Barnes, 2019). In this study, we have also investigated fibrotic phenotypes in mice after ENDS exposure. We observed a significant increase in collagen accumulation and α-SMA positive myofibroblast population, indicating ENDS enhanced fibrotic phenotypes in COPD mice. It is plausible that the increase in M2 macrophages induced by ENDS results in the augment of fibrotic phenotypes.
In addition, a notable phenomenon in our study is that ENDS remarkably enriched the myofibroblast population, suggesting ENDS might induce the activation of myofibroblasts. The myofibroblast is the predominant cell type that is responsible for the deposition of extracellular matrix and is considered as a hallmark of fibrotic diseases (Hinz et al., 2007; Hinz, 2016; Pakshir et al., 2020). And we observed lung fibrosis was enhanced in mice who received ENDS exposure. It would be interesting to understand whether ENDS can stimulate the differentiation of fibroblasts to myofibroblasts. This might uncover another potential risk of ENDS as it might promote lung fibrosis development via inducing myofibroblasts differentiation.
In conclusion, our study elucidates that ENDS exposure elevates COPD features and causes inflammatory response alteration with an increase in M2 macrophage number. The changes in inflammatory response resulted from ENDS further lead to an enhancement in lung fibrosis. Our study provides us a deeper understanding of the mechanism how ENDS affects COPD. Lastly, though βENaC-overexpressing mice serve as a good species exposed to ENDS for induction of animal model of COPD, the effect of ENDS on wild type mice still requires further investigations.
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Background: Corticosteroid usage in acute respiratory distress syndrome (ARDS) remains controversial. We aim to explore the correlation between the different doses of corticosteroid administration and the prognosis of ARDS.
Methods: All patients were diagnosed with ARDS on initial hospital admission and received systemic corticosteroid treatment for ARDS. The main outcomes were the effects of corticosteroid treatment on clinical parameters and the mortality of ARDS patients. Secondary outcomes were factors associated with the mortality of ARDS patients.
Results: 105 ARDS patients were included in this study. Corticosteroid treatment markedly decreased serum interleukin-18 (IL-18) level (424.0 ± 32.19 vs. 290.2 ± 17.14; p = 0.0003) and improved arterial partial pressure of oxygen/fraction of inspired oxygen (PaO2/FiO2) (174.10 ± 65.28 vs. 255.42 ± 92.49; p < 0.0001). The acute physiology and chronic health evaluation (APACHE II) score (16.15 ± 4.41 vs. 14.88 ± 4.57, p = 0.042) decreased significantly on the seventh day after systemic corticosteroid treatment. Interestingly, the serum IL-18 decreased significantly (304.52 ± 286.00 vs. 85.85 ± 97.22, p < 0.0001), whereas the improvement of PaO2/FiO2 (24.78 ± 35.03 vs. 97.17 ± 44.82, p < 0.001) was inconspicuous after systemic corticosteroid treatment for non-survival patients, compared with survival patients. Furthermore, the receiver operating characteristic (ROC) model revealed, when equivalent methylprednisolone usage was 146.5 mg/d, it had the best sensitivity and specificity to predict the death of ARDS. Survival analysis by Kaplan–Meier curves presented the higher 45-day mortality in high-dose corticosteroid treatment group (logrank test p < 0.0001). Multivariate Cox regression analyses demonstrated that serum IL-18 level, APACHE II score, D-dimer, and high-dose corticosteroid treatment were associated with the death of ARDS.
Conclusion: Appropriate dose of corticosteroids may be beneficial for ARDS patients through improving the oxygenation and moderately inhibiting inflammatory response. The benefits and risks should be carefully weighed when using high-dose corticosteroid for ARDS.
Trial registration: This work was registered in ClinicalTrials.gov. Name of the registry: Corticosteroid Treatment for Acute Respiratory Distress Syndrome. Trial registration number: NCT02819453. URL of trial registry record: https://register.clinicaltrials.gov.
Keywords: acute respiratory distress syndrome, corticosteroid, high-dose, interleukin-18, mortality
INTRODUCTION
Acute respiratory distress syndrome (ARDS) is caused by an acute inflammatory injury to the lung, associated with increased pulmonary vascular permeability. Previous studies have characterized ARDS as a process of ongoing inflammation, parenchymal-cell proliferation, and disordered collagen deposition (Ware and Matthay, 2000; Ranieri et al., 2012; Matthay et al., 2019). Nevertheless, ARDS remains difficult to define, it is relatively underreported by clinicians, and its therapeutic options remain controversial (Ferguson et al., 2005; Hernu et al., 2013; Neto et al., 2016; Fan et al., 2018). Previous studies have reported that the hospital mortality of ARDS ranged from 34.9 to 46.1% (Rubenfeld et al., 2005; Villar et al., 2011; Bellani et al., 2016). However, declining mortality was observed over the past decades due to many efforts in the management of ARDS, such as advances in the application of mechanical ventilation and the use of adjunctive interventions in routine clinical practice (Zhang et al., 2019).
ARDS is a complicated response to pulmonary and systemic inflammatory responses involving neutrophil activation, alveolar epithelial, and vascular endothelial injury, leading to non-cardiogenic pulmonary edema and atelectasis (Choi et al., 2014). Systemic corticosteroids have been considered as a potential therapy for ARDS due to their anti-inflammatory and immunomodulatory effects. The improvement in oxygenation and reduction of the duration of mechanical ventilation in ARDS patients followed by corticosteroids administration have been reported in previous randomized controlled clinical trials (RCTs), but there was no conclusive evidence of lower mortality in these patients (Meduri et al., 1998; Steinberg et al., 2006; Meduri et al., 2007). Published meta-analyses on the use of corticosteroid treatment for ARDS also demonstrated inconsistent conclusions (Tang et al., 2009; Ruan et al., 2014; Meduri et al., 2016; Yang et al., 2017). In addition, the role of corticosteroids in ARDS induced by COVID-19 is controversial (Li et al., 2020; Liu et al., 2020; Wu et al., 2020; Horby et al., 2021; Tomazini et al., 2020). Recently, a published RCT has revealed that early administration of dexamethasone could reduce the duration of mechanical ventilation and overall mortality of moderate-to-severe ARDS patients (Villar et al., 2020). However, the dose, duration, and timing of corticosteroid administration for ARDS patients remain controversial, which has prompted us to do further research.
IL-18 was crucial for ARDS pathogenesis in previous studies (Dolinay et al., 2012; Makabe et al., 2012; Rogers et al., 2019). We aimed to determine the effects of varying doses of corticosteroids on IL-18 and explore the correlation between the different doses of corticosteroid administration and the prognosis of ARDS patients. This relationship is expected to have a certain guiding effect on clinical practice regarding determining the corticosteroid doses when treating patients with ARDS.
METHODS
Patient Population
We enrolled adult patients diagnosed with ARDS admitted from July 2016 to December 2017 at Shanghai Pulmonary Hospital (Shanghai, China) by two clinicians. Inclusion criteria were as follows: 1) participants or their first-degree kin able to provide written informed consent; 2) aged 18–85 years; 3) confirmed diagnosis of ARDS by Berlin criteria (Ranieri et al., 2012). Exclusion criteria were as follows: 1) active tuberculosis and disseminated fungal infection; 2) chronic corticosteroid application; 3) patients with organ dysfunction, such as severe liver dysfunction, adrenal insufficiency, and severe cardiopulmonary dysfunction; 4) hypogammaglobulinemia or other autoimmune diseases; 5) acquired immunodeficiency syndrome; 6) refusing to use corticosteroids; 7) pregnant or nursing.
Study Design
This is an observational study. All patients came from the departments of emergency, respiratory, and critical care medicine. The investigators who were responsible for collecting the clinical records and the follow-up, statisticians, and the physicians who assigned treatment were not the same person. Two clinicians assessed and decided the clinical diagnosis and therapy for these patients. If the diagnosis and treatment strategy of the two clinicians differed, a decision was reached by consensus. When clinicians initially diagnosed ARDS on the first day of hospital admission and decided to use systemic corticosteroid treatment, blood samples of these patients were collected to detect the concentration of IL-18 before treatment and taken again on the fourth day after systemic corticosteroid treatment. We recorded the 45-day mortality after hospital admission by telephone or face-to-face interviews. This study was approved by the Clinical Research Ethics Board of Shanghai Pulmonary Hospital, Tongji University (K14-152). Informed consent was obtained from participants or their first-degree kin when they were recruited into the study.
Intensive Care Unit Admission and Corticosteroid Treatment
Patients with sepsis, moderate-to-severe ARDS, multiple organ dysfunction syndrome (MODS), and requiring mechanical ventilation were admitted to the intensive care unit (ICU) unless patients or their first-degree kin refused. Corticosteroid allocation differed among patients whose treatment policies were decided according to their individual situations. Patients received an initial higher dose of corticosteroid with a tapering regimen according to their condition assessed by two clinicians. Certainly, in some patients, the dose of corticosteroid may be increased during the course of treatment and the course of treatment could be prolonged based on their own conditions.
Human Sample Collection and Processing
A 5 ml of whole blood samples from ARDS patients was collected in pro-coagulation tube at baseline and after receiving intravenous corticosteroids on the fourth day. The blood samples were instantly centrifuged (10 min, 3000 rpm at 4°C) and then separated serum samples were kept frozen at −80°C until further analysis. IL-18 levels in serum were detected using a human IL-18 enzyme-linked immunosorbent assay (ELISA) kit (eBioscience BMS267/2).
Variables
The following variables were collected: 1) demographics data, age and sex; 2) underlying diseases; 3) severity of illness, APACHE II score and SOFA score were assessed at initial diagnosis of ARDS, on the third day, and on the seventh day after treatment and the proportion of the patients who had mild, moderate or severe ARDS in each treatment arm were also assessed; 4) serological indicators, C-reactive protein (CRP), brain natriuretic peptide (BNP), D-dimer, lactic dehydrogenase (LDH), procalcitonin (PCT), neutrophils/lymphocyte (N/L), serum IL-18 and PaO2/FiO2 before and after corticosteroid treatment; 5) treatments and outcomes.
Statistics Analysis
Continuous variables were described by mean ± SD (standard deviation) or median with interquartile range (IQR, 25–75%), as appropriate. Categorical variables were described by absolute numbers (percentages). Student’s t-test and Mann–Whitney U-test were used to analyze normally and non-normally distributed continuous data, respectively. Categorical variables were analyzed by the chi-square test. All tests of significance were two-tailed and a p value < 0.05 was considered statistically significant. We used the receiver operating characteristic (ROC) curve to evaluate the accuracy of corticosteroid application predicted mortality. When the area under curve (AUC) is more than 0.7, it indicates that corticosteroid application has better prediction accuracy for mortality. The sensitivity and specificity of various doses of corticosteroid application to predict mortality were analyzed to define the cut-off value of dosage of corticosteroid used. Independent factors affecting patient survival were determined using univariable analysis and multivariate Cox regression models. The adjusted hazard ratios (HR) of the variables incorporated into the model and their 95% confidence intervals were calculated when HR > 1 indicated a higher probability of death. The survival curve of 45-day mortality for patients between high- and low-dose corticosteroid treatment groups was analyzed by the Kaplan–Meier method and compared by logrank test.
The statistical package SPSS (version 19.0; SPSS, Chicago, IL, United States) was used for statistical analysis, and GraphPad Prism (version 8; GraphPad Software, San Diego, CA, United States) used for drawing graphs.
RESULTS
Clinical Characteristics
A total of 105 ARDS patients caused by severe pulmonary infection, who all received systemic corticosteroid treatment, were included in this study. 85 patients (80.95%) were male, The APACHE II score was 15.52 ± 5.08, and the SOFA score was 4.90 ± 1.94 at baseline. 67 patients (63.81%) were admitted to the ICU and 47 patients (44.76%) received mechanical ventilation. Overall hospital mortality was 23/105 (21.9%), and ICU mortality was 23/67 (34.33%). Larger doses of corticosteroid [175 (148–240) mg/d vs. 88.5 (53–123) mg/d, p = 0.001] tend to be used in the non-survival group. More patients received mechanical ventilation (22/23 vs. 25/82, p < 0.0001) and the length of mechanical ventilation was longer in the non-survival group than that in the survival group (10.18 ± 9.50 days vs. 5.68 ± 4.09 days, p = 0.049). The common complications were superinfection and hyperglycemia after corticosteroid treatment. Compared with the survival group, there was more superinfection (9/23 vs. 11/82, p = 0.013) in the non-survival group. There was no difference in hyperglycemia between the two groups (16/23 vs. 39/82, p = 0.097) (Table 1).
TABLE 1 | Baseline characteristics and outcomes after corticosteroid treatment for patients with acute respiratory distress syndrome.
[image: Table 1]Outcomes of Patients
Serum IL-18 levels markedly decreased (424.0 ± 32.19 vs. 290.2 ± 17.14, p = 0.0003) (Figure 1A) and PaO2/FiO2 improved (174.10 ± 65.28 vs. 255.42 ± 92.49, p < 0.0001) (Figure 1B) for ARDS patients after systemic corticosteroid treatment. A significant increase for N/L was observed after corticosteroid treatment (9.92 ± 5.40 vs. 18.58 ± 11.87, p < 0.0001) (Figure 1C). Whether compared with baseline (15.52 ± 5.08 vs. 14.88 ± 4.57, p = 0.049) or the third day after treatment (16.15 ± 4.41 vs. 14.88 ± 4.57, p = 0.042), systemic corticosteroid treatment decreased APACHE II score at the seventh day (Figure 1D).
[image: Figure 1]FIGURE 1 | Corticosteroid treatment decreased serum IL-18 level (A) and improved PaO2/FiO2(B), increased the neutrophil-to-lymphocyte ratio (C), and decreased APACHE II score (D) at the seventh day.
Outcomes in the Survival and Non-Survival Group
Serum IL-18 decreased significantly after systemic corticosteroid treatment in both survival and non-survival groups (Figure 2A). Further, the changes of IL-18 (304.52 ± 286.00 vs. 85.85 ± 97.22, p < 0.0001) were more pronounced in the non-survival group after corticosteroid therapy compared with the survival group (Figure 2B). Systemic corticosteroid treatment obviously improved the PaO2/FiO2 of patients in the survival group but not in the non-survival group (Figure 2C). Apparently, the improvement of PaO2/FiO2 was more significant in the survival group (97.17 ± 44.82 vs. 24.78 ± 35.03, p < 0.0001) (Figure 2D). We found that N/L increased significantly after corticosteroid treatment in both the survival group or the non-survival group (Figure 2E). Whether at baseline or during corticosteroid treatment, the APACHE II score of patients who died was always higher than that of those who survived (p < 0.001) (Figure 2F).
[image: Figure 2]FIGURE 2 | In survival and non-survival groups, corticosteroid treatment decreased serum IL-18 (A). Changes of IL-18 after corticosteroid treatment (B). Corticosteroid treatment improved PaO2/FiO2(C). Changes of PaO2/FiO2 after corticosteroid treatment (D). Corticosteroid treatment increased the neutrophil-to-lymphocyte ratio (E). APACHE II score at day 1, day 3, and day 7 (F).
Corticosteroid Treatment and Mortality
The regression model of corticosteroid treatment and mortality had an area under the ROC of 0.735, indicating the better propensity of death (Figure 3A). When equivalent to methylprednisolone usage of 146.5 mg/d, it has the highest sensitivity and specificity of predicting the death of ARDS patients (Figure 3B). Patients were assigned into high-dose and low-dose groups based on this point. The Kaplan–Meier curves revealed that the ARDS patients had the higher 45-day mortality in the high-dose group than that in the low-dose group (logrank test p < 0.0001) (Figure 3C).
[image: Figure 3]FIGURE 3 | The regression model between corticosteroid treatment and mortality for ROC curve (A). Sensitivity and specificity analysis of mortality in different doses of corticosteroid treatment (B). Kaplan–Meier method to analyze the 45-day mortality (C) in the high-dose and low-dose corticosteroid treatment groups.
Outcomes in the High-Dose and Low-Dose Corticosteroid Treatment Groups
Similarly, we found that whether in the high-dose group or low-dose group, the serum IL-18 significantly decreased after systemic corticosteroid treatment (Figure 4A). Obviously, the changes of IL-18 were also more significant in the high-dose corticosteroid group (255.43 ± 260.27 vs. 72.91 ± 70.51, p < 0.0001) (Figure 4B). High-dose and low-dose systemic corticosteroid treatment can obviously improve the oxygenation of ARDS patients (Figure 4C). Interestingly, the changes of oxygenation were more pronounced in the low-dose corticosteroid treatment group (65.86 ± 57.82 vs. 89.04 ± 47.80, p = 0.031) (Figure 4D). The N/L increased significantly after high-dose and low-dose corticosteroid treatment (Figure 4E). It revealed that the APACHE II score of the low-dose group was significantly lower than that in the high-dose group at the seventh day after systemic corticosteroid treatment (Figure 4F).
[image: Figure 4]FIGURE 4 | In high-dose and low-dose groups, corticosteroid treatment decreased serum IL-18 (A). Changes of IL-18 after corticosteroid treatment (B). Corticosteroid treatment improved PaO2/FiO2(C). Changes of PaO2/FiO2 after corticosteroid treatment (D). Corticosteroid treatment increased the neutrophil-to-lymphocyte ratio (E). APACHE II score at day 1, day 3, and day 7 (F).
Factors Associated With Mortality
Results of univariate analysis and multivariate Cox regression analyses are shown in Table 2. In this model, we found that after adjusting for confounding factors, high-dose corticosteroid treatment was an independent risk factor for death of ARDS patients (adjusted HR 5.939, 95% CI: 1.925–18.322, p = 0.002). Moreover, serum IL-18 at baseline (adjusted HR 1.002, 95% CI: 1.001–1.004, p = 0.000), APACHE II score (adjusted HR 1.172, 95% CI: 1.052–1.305, p = 0.004), and D-dimer (adjusted HR 1.016, 95% CI: 1.005–1.027; p = 0.005) were also significantly associated with the increased mortality (Table 2).
TABLE 2 | Variables associated with death, as shown in univariable and multivariate Cox regression analysis.
[image: Table 2]DISCUSSION
Inflammation was known to exert an important role in the development of ARDS and had an impact on the prognosis of ARDS. Cox regression analysis in our study presented that serum IL-18 level at baseline was an independent risk factor for the mortality of ARDS patients. It was consistent with previous studies where IL-18 was crucial in the pathogenesis and prognosis of patients with ARDS (Dolinay et al., 2012; Makabe et al., 2012; Rogers et al., 2019). Intriguingly, we found that systemic corticosteroid treatment significantly decreased the level of serum IL-18. This finding may provide evidence for corticosteroid usage for ARDS patients. However, further research demonstrated that the decrease of serum IL-18 was more obvious in the non-survival group than in the survival group. Similarly, the decrease of IL-18 was more pronounced when treated with high-dose corticosteroid. The larger the dose of corticosteroid, the more obvious the inhibition of inflammatory response. When high-dose systemic corticosteroid administration produced an excessive suppression of the inflammatory response, a worse prognosis is predicted, leading to the dramatic reduction of the IL-18 level. Moreover, we found that systemic corticosteroid treatment improved oxygenation for ARDS patients. However, subgroup analysis showed that systemic corticosteroid treatment did not significantly improve the oxygenation of ARDS patients in the non-survival group. The improvements in oxygenation were more pronounced in the low-dose corticosteroid treatment group than that in the high-dose corticosteroid treatment group. These indicate that the improvement of oxygenation can predict the prognosis of ARDS patients and guide the dosage of corticosteroid usage.
Excessive release of cytokines and chemokines caused by neutrophil infiltration mediates the pathogenesis of ARDS, which may be associated with cytotoxicity, vascular stasis, and breaking the balance of pro-inflammatory and anti-inflammatory reactions. Studies have described the dual role of neutrophils in ARDS (Grudzinska and Sapey, 2018; Blázquez-Prieto et al., 2018). Moreover, when a large number of neutrophils were mobilized and activated and neutrophil-associated elastases were greatly released in bronchoalveolar lavage fluid (BALF), it was significantly associated with the severity and prognosis of ARDS (Summers et al., 2014; Bai et al., 2015). The timing of targeting neutrophils is suggested to be critical for improving the outcomes of ARDS. Moreover, several studies have reported the correlation between the N/L and the severity of the clinical course for ICU patients, suggesting that N/L should be considered a prognostic biomarker for ICU patients (Riché et al., 2015; Hwang et al., 2017; Wang et al., 2018). Song and colleagues have reported that N/L > 14 was associated with shorter overall survival of ARDS patients and it was an independent prognostic factor for overall survival (Wang et al., 2018). It prompted us to explore the treatment effect of corticosteroids on N/L of ARDS. Interestingly, our results have demonstrated that corticosteroid treatment significantly increased N/L in peripheral blood of ARDS patients. Further analysis has revealed that N/L increased significantly in the non-survival and the high-dose corticosteroid treatment groups, which was associated with the severity and poorer outcomes of patients. It may be a potential predictive prognostic biomarker for corticosteroid therapy in ARDS patients.
Our results have shown that the inflammatory parameters of CRP, PCT, LDH, and IL-18 were significantly higher in the non-survival group than those in the survival group, which presented more severe ARDS with the worse APACHE II score and SOFA score. They were responsible for the higher dose of corticosteroids used and more patients receiving mechanical ventilation; the longer length of mechanical ventilation duration was observed in the non-survival group. In addition, higher doses of corticosteroids were probably allocated to severe ARDS patients, and it was difficult to overcome this bias during the clinical practice completely. There is no strict guideline on the dosage and duration of corticosteroid therapy for ARDS patients worldwide. Similarly, corticosteroid treatment for COVID-19-induced ARDS remains controversial and without guidelines. Chen et al. have reported that administration of corticosteroids in severe COVID-19-related ARDS increased 28-day mortality and delayed SARS-CoV-2 coronavirus RNA clearance (Liu et al., 2020). However, RECOVERY research and Song et al. have reported that corticosteroid use for ARDS patients with COVID-19 resulted in lower mortality (Wu et al., 2020; Horby et al., 2021). Currently, the main controversies are concerning the timing, dosage, and duration of corticosteroid treatment for ARDS. Moreover, two RCTs on corticosteroid therapy for ARDS on the seventh day have reported opposite conclusions (Meduri et al., 1998; Steinberg et al., 2006; ). More studies were concerned with the early corticosteroid administration for ARDS patients (Meduri et al., 2007; Tang et al., 2009; Li et al., 2020; Liu et al., 2020; Villar et al., 2020). Recently, one RCT study has revealed that early corticosteroid treatment reduced the duration of mechanical ventilation and overall mortality for moderate-to-severe ARDS patients (Villar et al., 2020). However, some studies have reported the opposite conclusion. They revealed that early initiation (≤3 days from hospitalization or ICU admission) of corticosteroid therapy for COVID-19-induced ARDS was associated with higher 28-day mortality (Li et al., 2020; Liu et al., 2020). So far, there have been no RCTs on the dosage of corticosteroid therapy for ARDS. Takaki et al. have reported that initial high-dose methylprednisolone (1000 mg/d) with a tapering regimen had a negative effect on ARDS patients in a retrospective propensity-matched cohort study (Takaki et al., 2017). Our results have revealed that when the methylprednisolone equivalent dose was more than 146.5 mg/d, it was an independent risk factor of death and had the higher mortality of ARDS patients, which was consistent with the results of Chen et al.’s study. Their subgroup analysis demonstrated that high-dose (>200 mg equivalent hydrocortisone per day) corticosteroid therapy was associated with higher 28-day mortality rate of ARDS patients induced by COVID-19 (Liu et al., 2020). Of course, this phenomenon could be attributed to the fact that the used corticosteroid dosage was related to the severity of the disease; the more serious the disease is, the greater the dosage is.
The common adverse effects of corticosteroid therapy seem to be hyperglycemia and superinfection. However, the occurrence of corticosteroid-induced hyperglycemia was similar in the non-survival and survival groups. More superinfection was observed in the non-survival group, which reminded clinicians to be cautious about using large doses of corticosteroid therapy for severe ARDS patients.
LIMITATIONS
This is a single-center study and limitations were unavoidable. In this study, corticosteroid treatment was evaluated in ARDS patients with severe pulmonary infection and intense inflammation. Therefore, we caution against extrapolating our findings to all types of ARDS patients. Secondly, there were few patients with ARDS who did not receive corticosteroid treatment during the study; thus, matching with the patients who received corticosteroid therapy was challenging. Therefore, a control group of no steroid treatment group was absent. Thirdly, there is no strict guideline on the dosage and duration of corticosteroid therapy for ARDS patients. Therapeutic strategies may differ among patients, whose treatment policies were decided according to their individual situations. Lastly, higher doses of corticosteroids were probably allocated to more severe patients, which led to some selection bias, although Cox regression analyses were performed to adjust for confounding factors. It was difficult to completely overcome during the clinical practice.
CONCLUSION
In conclusion, the dosage of corticosteroids may be related to the prognosis of ARDS patients. The appropriate dose of corticosteroids improved the oxygenation of patients and alleviated IL-18-associated inflammation and the severity of ARDS, whereas high-dose corticosteroid was associated with higher mortality, because the influence of selection bias on the disease severity cannot be ruled out. Sufficiently powered RCT studies with rigorous control group to evaluate the effects of different doses of corticosteroid on ARDS are urgently warranted in the near future.
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Pancreatic fibrosis is an important pathophysiological feature of chronic pancreatitis (CP). Our recent study has shown that milk fat globule-EGF factor 8 (MFG-E8) is beneficial in acute pancreatitis. However, its role in CP remained unknown. To study this, CP was induced in male adult Mfge8-knockout (Mfge8-KO) mice and wild type (WT) mice by six intraperitoneal injections of cerulein (50 μg/kg/body weight) twice a week for 10 weeks. The results showed that knockout of mfge8 gene aggravated pancreatic fibrosis after repeated cerulein injection. In WT mice, pancreatic levels of MFG-E8 were reduced after induction of CP and administration of recombinant MFG-E8 alleviated cerulein-induced pancreatic fibrosis. The protective effect of MFG-E8 in CP was associated with reduced autophagy and oxidative stress. In human pancreatic stellate cells (PSCs), MFG-E8 inhibited TGF-β1-induced ER stress and autophagy. MFG-E8 downregulated the expression of lysosomal associated membrane protein 2A (LAMP2A), a key factor in ER stress-induced chaperone-mediated autophagy (CMA). QX77, an activator of CMA, eliminated the effects of MFG-E8 on TGF-β1-induced PSC activation. In conclusion, MFG-E8 appears to mitigate pancreatic fibrosis via inhibiting ER stress-induced chaperone-mediated autophagy. Recombinant MFG-E8 may be developed as a novel treatment for pancreatic fibrosis in CP.
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INTRODUCTION
Pancreatic fibrosis is an important pathophysiological feature of chronic pancreatitis (CP). Its management remains a serious clinical challenge (Kleeff et al., 2017; Gardner et al., 2020). Activation of the pancreatic stellate cell (PSC) is a key step in the development of pancreatic fibrosis (Ren et al., 2020). In normal pancreas, PSCs surround acinar cells in a resting state. When the pancreas is challenged by inflammation or mechanical stimulation, PSCs’ phenotype changes from a resting to an active state (Bynigeri et al., 2017). The production of α-SMA is a hallmark of PSC activation, and is accompanied by the production of large amounts of collagen I and III (Xue et al., 2018), which together form the pathological process of pancreatic fibrosis in CP. However, the molecular mechanism of PSC activation during the development of CP is still obscure.
Autophagy is involved in the activation of PSCs (Endo et al., 2017; Ren et al., 2020). Suppressing autophagy has been shown to inhibit the activation of PSCs and reduce the development of pancreatic fibrosis (Xue et al., 2019). Chaperone-mediated autophagy (CMA) is a process in which lysosomal degradation occurs when cytoplasmic proteins with special modules are recognized by molecular chaperones and bind to lysosomal-associated membrane protein 2A (LAMP2A) (Kaushik and Cuervo, 2018). LAMP2A, a special receptor on the lysosomal membrane, is believed to be a key regulator of CMA (Pajares et al., 2018). Endoplasmic reticulum (ER) stress is an important trigger of CMA (Li et al., 2017). Our previous study has shown that activation of PSCs is associated with oxidative and ER stress (Ren et al., 2020). However, the specific role of CMA in pancreatic fibrosis during CP remains largely unknown.
Milk fat globule epidermal growth factor (EGF) factor 8 (MFG-E8), also known as lactadherin, is a lipophilic glycoprotein. It is expressed and secreted by a variety of cells and tissues including the pancreas (D’Haese et al., 2013). MFG-E8 contains an RGD motif and can interact with integrins (Franchi et al., 2011; Aziz et al., 2015). Through binding to integrin receptors, MFG-E8 exhibits versatile functions and is involved in a variety of cellular processes, such as maintenance and repair of intestinal epithelial cells, angiogenesis, and clearance of apoptotic cells (Kranich et al., 2010; Deng et al., 2017; Gao et al., 2018). Previous studies have indicated that MFG-E8 inhibited the activation of fibroblasts induced by TGF-β1, and recombinant MFG-E8 alleviated the development of fibrosis in the skin, heart, kidney and liver in mice (An et al., 2017; Fujiwara et al., 2019; Shi et al., 2020; Wang et al., 2020). Our recent study has shown that MFG-E8 restores mitochondrial function in acute pancreatitis (Ren et al., 2021). However, whether MFG-E8 plays any role in the development of pancreatic fibrosis has not been studied. The main purpose of the current study is to investigate the role of MFG-E8 in ER stress, CMA, PSC activation and pancreatic fibrosis in CP.
MATERIALS AND METHODS
Experimental Animal
C57BL/6J adult mice were purchased from Animal Experimental Center of Xi’an Jiaotong University Health Science Center, and Mfge8-knockout (Mfge8-KO) mice were purchased from Nanfang Biotech Technology Co., Ltd (Shanghai, China). Mfge8-KO mice were obtained by knocking out 2–6 exons of mfge8 gene using CRISPR/Cas9 gene editing technology. All experimental animals are housed in a temperature-controlled room on a 12-h light/dark cycle with ad libitum access to food and water. The mice were fasted for 12 h before collecting samples. The study protocol was approved by the Institutional Animal Care and Use Committee of the Ethics Committee of Xi’an Jiaotong University Health Science Center.
Mouse Model of Chronic Pancreatitis and Administration of MFG-E8
Chronic pancreatitis was induced in male adult mice by six intraperitoneal injections of cerulein (50 μg/kg/body weight, C6660, Solarbio, Beijing, China) twice a week for 10 weeks, as described by Sendler M. et al. (Sendler et al., 2015) and used by us recently (Ren et al., 2020). During the last 5 weeks, 1 hour after cerulein injection, normal saline (vehicle) or 20 μg/kg recombinant murine MFG-E8 (RD System, Inc. Minnesota, United States) was administered through intraperitoneal injection. The animals were sacrificed 2 days after the last injection of cerulein. The doses of MFG-E8 used in this study were chosen on the basis of our previous publications in acute pancreatitis (Ren et al., 2021). Blood and tissue samples were collected.
Cell Culture and Treatment
Human pancreatic stellate cells (PSCs) were purchased from FengHui Biotechnology (FHHUM-CELL-0124, China) and cultured in Ham’s F-12K medium (PM150910C, Procell, Wuhan, China) with 20% fetal bovine serum (164210-100, Procell, Wuhan, China) in a humidified incubator at 37°C with 5% CO2. HPSCs (1X106/well) were planted into 6-well plates for 24 h. The cells appeared to be in quiescent state. Then, the cells were treated with 5 ng/mL TGF-β1 (5154LC, Cell Signaling Technology, United States) with 10 ng/ml or 20 ng/mL recombinant human MFG-E8 or equal volume of PBS for 24 h. In additional groups of cells, QX77 (5 ng/ml, S6797, SELLEK, United States), a LAMP2A-specific activator (Zhang et al., 2017), was added simultaneously with 20 ng/mL MFG-E8 in TGF-β1-treated HPSCs. 24 h later, the cells were collected for various measurements.
Histologic Evaluation
Pancreatic tissue sections were stained with H&E. The pathological staining scoring system introduced by Schmidt et al. (Schmidt et al., 1992) was used to evaluate the pancreatic tissue damage.
Immunohistochemical Staining
Immunohistochemical staining was performed as we described before (Bi et al., 2020). Paraffin sections of mouse pancreatic tissue were prepared, and Sirius red and Masson-Goldner staining were used to indicate the degree of tissue fibrosis. α-smooth muscle actin (α-SMA) staining (A5228, mouse monoclonal clone, Sigma-Aldrich, United States) and Collagen I (ab34710, rabbit polyclonal, Abcam, United States) staining were used to mark the deposition of extracellular matrix. MPO (ab45977, rabbit polyclonal, Abcam, United States) was used to mark the infiltration of neutrophils. Gr1 (LY6G) (ab25377, antibody, Abcam, United States), CD11b (ab216445, rabbit polyclonal, Abcam, United States) and F4/80 (ab240946, rabbit polyclonal, Abcam, United States) were used to demonstrate macrophage infiltration, LC3B (ab48394, rabbit polyclonal, Abcam, United States) were used to demonstrate autophagy levels. The immunohistochemical staining was photographed with a light microscope. Three fields were randomly selected for each image, and the images were quantitatively and statistically analyzed with ImageJ Pro Plus 6.0 software.
Immunofluorescence Staining
The expression of Collagen I, α-SMA and DHE were assessed by immunofluorescence staining as described by us previous (Ren et al., 2020). Quantitative determination of fluorescence intensity was perfumed by Image Pro Plus 6.0 software.
Enzyme-Linked Immunosorbent Assay
The mouse IL-6 ELISA kit (SEA079Mu, Cloud-Clone Corp USCN Life Science, Wuhan, CN), tumor necrosis factor-α (TNF-α) ELISA kit (SEA133Mu, Cloud-Clone Corp USCN Life Science, Wuhan, CN), IL-10 ELISA kit (SEA056Mu, Cloud-Clone Corp USCN Life Science, Wuhan, CN) and MFG-E8 ELISA kit (SEB286Mu, Cloud-Clone Corp USCN Life Science, Wuhan, CN) were used for the detection of IL-6, TNF-α, IL-10 and MFG-E8 according to the manufacturer’s instructions.
Detection of SOD, FRAP GSH and MDA Levels
Pancreatic tissue and HPSCs homogenate was obtained and superoxide dismutase (SOD), total antioxidant capacity assay kit with FRAP method (FRAP value), glutathione (GSH) and malonaldehyde (MDA) were measured as we described before (Ren et al., 2019a; Ren et al., 2019b; Ren et al., 2020).
Western Blot Analysis
Pancreatic tissues were lysed in cold RIPA (P0013B, Beyotime, Beijing, China). The protein concentration was evaluated with the BCA Protein Assay Kit (P0012S, Beyotime, Beijing, China). After gel electrophoresis, the protein was transferred to PVDF membrane and incubation in blocking solution (3% BSA or 5% skimmed milk) at room temperature. Then the membranes were incubated overnight at 4°C with the primary antibodies (Supplementary Table S1). Primary antibodies were diluted in Primary Antibody Dilution Buffer for Western Blot (P0256, Beyotime, Beijing, China). Membranes were washed and then incubated with specific HRP‐conjugated secondary antibodies (Supplementary Table S1) for 1.5 h at room temperature. Bands were developed using Digital gel image analysis system (Bio‐Rad, California, United States) and quantitative of protein level were calculated by ImageJ2x software. Information about the antibodies used in this study are listed in Supplementary Table S1.
Statistical Analysis
All measurement data are expressed as the mean ± standard error (SEM). The t-test or one-way ANOVA with the Tukey-Kramer test was used to analyze the differences between groups. All analyses were conducted with data statistics software GraphPad Prism version 8.0 (GraphPad Software, Inc., San Diego, CA, United States). p < 0.05 represented a significant difference.
RESULTS
MFG-E8 Deficiency Exaggerates Repeated Cerulein Injection-Induced CP in Vivo
To evaluate the pathophysiological role of MFG-E8 in CP, we induced CP in Mfge8-KO mice (The efficacy of MFG-E8 knockout was confirmed by Western blotting, Supplementary Figure S1) by repeated intraperitoneal injection of cerulein. H&E staining showed that MFG-E8 deficiency did not result in any significant changes in pancreatic histomorphology in sham mice (Figure 1A). However, repeated cerulein injection caused much more severe pancreatic damage in Mfge8-KO mice than their WT littermates (Figures 1A,B). Mfge8-KO mice also had larger area of necrosis than WT mice after repeated cerulein injection (Figures 1A,C). Masson and Sirius red staining showed more severe fibrosis in the pancreatic tissue of Mfge8-KO mice than that of WT mice (Figures 1A,D). Consistently, α-SMA and Collagen I staining showed that repeated cerulein injection caused extracellular matrix deposition in the interstitial space of Mfge8-KO mice than that of WT mice (Figures 1A,D). These findings were confirmed by western blot analysis of α-SMA and Collagen I protein expression in the pancreatic tissues (Figures 1E,F). MFG-E8 Deficiency also potentiated inflammatory responses in CP. As shown in Figure 1G, serum proinflammatory cytokines TNF-α and IL-6 were further increased, while anti-inflammatory cytokine IL-10 was further decreased in Mfge8-KO mice than WT mice after repeated cerulein injection. Inflammatory cell infiltration in the pancreas was measured by F4/80, CD11b, and Gr1 staining. As shown in Figures 1H,I, repeated cerulein injection also resulted in more inflammatory cell infiltration in the pancreas of Mfge8-KO mice than that of WT mice.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | In this study, we found, for the first time, that MFG-E8 gene defect exaggerated pancreatic fibrosis after repeated cerulean injection in mice, and intraperitoneal injection of exogenous MFG-E8 alleviated pancreatic fibrosis in cerulein-CP mice, suggesting that MFG-E8 is an important regulator of pancreatic fibrosis in CP (Figure 6).
MFG-E8 Levels Are Decreased in the Pancreas of CP Mice and Exogenous MFG-E8 Treatment Is Beneficial in Experimental CP
To further investigate the role of MFG-E8 in CP, we measured MFG-E8 protein expression in the pancreas after repeated cerulein injection by western blot analysis. As shown in Figures 2A,B, repeated intraperitoneal injection of cerulein significantly decreased MFG-E8 protein levels in the pancreas of WT mice. Because MFG-E8 is a secreted protein, we also measured the serum MFG-E8 levels in mice. As shown in Figure 2C, serum MFG-E8 levels in cerulein-treated mice were significantly lower than those in the control group, while repeated intraperitoneal injection of exogenous MFG-E8 effectively maintained serum MFG-E8 levels (p < 0.05). Administration of recombinant MFG-E8 significantly reduced pancreatic injury (Figures 2D,E) and necrosis (Figure 2F) in cerulein-CP mice. Pancreatic fibrosis was evaluated by Sirius red, Masson, α-SMA and Collagen I staining. As shown in Figures 2D,G, exogenous MFG-E8 treatment reduced the positive staining of the above fibrosis-related indicators in the pancreatic tissue of cerulein-CP mice by 55.2, 59.5, 68.7, and 54.6%, respectively (p < 0.05). Western blot analysis also confirmed that α-SMA and Collagen I protein expression in pancreatic tissue of cerulein-CP mice was downregulated by MFG-E8 treatment (Figures 2H,I). Similar beneficial effects of exogenous MFG-E8 treatment was observed in repeated L-arginine injection-induced CP in mice (Supplementary Figures 2A–F). MFG-E8 also inhibited inflammatory responses in cerulein-CP mice. As shown in Figures 2J,K, administration of exogenous MFG-E8 reduced the numbers of F4/80, CD11b and MPO positive cells in the pancreas of cerulein-CP mice by 82.6, 72.5 and 47.9%, respectively (p < 0.05). The abnormal serum levels of inflammatory mediators (IL-6 and IL-10) in cerulein-CP mice were restored to almost sham levels by exogenous MFG-E8 treatment (Figure 2L).
[image: Figure 1]FIGURE 1 | MFG-E8 Deficiency Potentiates Cerulein-Induced CP in Vivo. Cerulein-CP was induced by six IP injections of cerulein (50 μg/kg/body weight) twice a week for 10 weeks. During the last 5 weeks, 1 h after cerulein injection, normal saline (vehicle) or 20 μg/kg MFG-E8 was administered through intraperitoneal injection. The control group received the same frequency and time of intraperitoneal injection of normal saline (Sham). The animals were sacrificed at 2 days after the last injection of cerulein or normal saline. Blood and tissue samples were collected. (A) Representative photos of H&E, Sirius red, Masson, Collagen I and α-SMA staining; (B) Quantitative analysis of H&E staining (one-way ANOVA with the Tukey-Kramer test); (C) Percentages of necrotic areas (one-way ANOVA with the Tukey-Kramer test); (D) Quantitative analysis of Sirius red Masson, Collagen I and α-SMA staining (one-way ANOVA with the Tukey-Kramer test); (E,F) Western blot analysis of the expression of α-SMA and collagen I in the pancreas (one-way ANOVA with the Tukey-Kramer test); (G) Serum levels of IL-6, IL-10 and TNF-α (one-way ANOVA with the Tukey-Kramer test); (H,I) Representative photos and quantitative analysis of F4/80, Gr1 and CD11b staining (one-way ANOVA with the Tukey-Kramer test). n = 4–6, mean ± SEM; ∗ p < 0.05 versus Sham group; #p < 0.05 versus Vehicle group. CP, chronic pancreatitis; H&E, hematoxylin and eosin; α-SMA, alpha-smooth muscle actin; WT, wild type; KO, knock out.
Exogenous MFG-E8 Treatment Alleviates Autophagy and Oxidative Stress in CP Mice
Impaired autophagy and oxidative stress activate PSCs and promote their release of large amounts of extracellular matrix (ECM), which, along with collagen deposition, initiates and accelerates the progression of pancreatic fibrosis (Bhardwaj and Yadav, 2013; Ryu et al., 2013; Diakopoulos et al., 2015; Li et al., 2018a). To investigate the mechanism responsible for MFG-E8’s beneficial effects in CP, we measured indicators of autophagy and oxidative stress. We have confirmed that deleting the exons 4 to 6 of the MFG-E8 gene (mfge8-knockout) has no significant effect on the antioxidant capacity (Ren et al., 2021) and autophagy (Supplementary Figure S3) in the mouse pancreatic tissue. In this study, we further explored the effects of exogenous MFG-E8 on the levels of oxidative stress and autophagy in the pancreas of cerulein-treated CP mice. As shown in Figures 3A,B, pancreatic levels of ATG7, ATG5 and LC3 II/LC3 I increased, while P62 decreased significantly after repeated cerulein injection, indicating activated autophagy process in CP. Exogenous MFG-E8 treatment reversed these changes in cerulein-CP mice, suggesting MFG-E8 suppresses autophagy in CP. The enhancement of autophagy could induce the disorder of oxygen free radical regulation, resulting in oxidative stress (Li et al., 2021). Our results also indicated that repeated cerulein injection induced oxidative stress in the pancreas. As shown in Figures 3C,D, DHE staining in the pancreas increased dramatically after repeated cerulein injection. Consistently, pancreatic tissues levels of MDA (Figure 3E) were also significantly elevated in cerulein-CP. In the meantime, anti-oxidative indicators including FRAP (Figure 3F), GSH (Figure 3G) and SOD (Figure 3H) decreased after repeated cerulein injection. Exogenous MFG-E8 treatment decreased DHE, MDA, and increased FRAP, GSH, and SOD in the pancreas of cerulein-CP mice, suggesting MFG-E8 reduces oxidative stress in CP.
[image: Figure 2]FIGURE 2 | Therapeutic Potential of Exogenous MFG-E8. Cerulein-CP was induced by six IP injections of cerulein (50 μg/kg/body weight) twice a week for 10 weeks. During the last 5 weeks, 1 h after cerulein injection, normal saline (vehicle) or 20 μg/kg MFG-E8 was administered through intraperitoneal injection. The control group received the same frequency and time of intraperitoneal injection of normal saline (Sham). The animals were sacrificed at 2 days after the last injection of cerulein or normal saline. Blood and tissue samples were collected. (A,B) Western blot analysis of the expression of MFG-E8 in the pancreas (t-test); (C) Serum MFG-E8 levels (one-way ANOVA with the Tukey-Kramer test); (D) Representative photos of H&E, Sirius red, Masson, Collagen I and α-SMA staining; (E) Quantitative analysis of H&E staining (one-way ANOVA with the Tukey-Kramer test); (F) Percentages of necrotic areas (one-way ANOVA with the Tukey-Kramer test); (G) Quantitative analysis of Sirius red Masson, Collagen I and α-SMA staining (one-way ANOVA with the Tukey-Kramer test); (H,I) Western blot analysis of the expression of α-SMA and collagen I in the pancreas (one-way ANOVA with the Tukey-Kramer test); (J) Representative photos of F4/80, MPO and CD11b staining; (K) Quantitative analysis of F4/80, MPO and CD11b staining (one-way ANOVA with the Tukey-Kramer test); (L) Serum levels of IL-6 and IL-10 (one-way ANOVA with the Tukey-Kramer test). n = 4–6, mean ± SEM; ∗ p < 0.05 versus Sham group; #p < 0.05 versus Vehicle group. CP, chronic pancreatitis; MFG-E8, Milk Fat Globule-EGF Factor 8; H&E, hematoxylin and eosin; MPO, myeloperoxidase; α-SMA, alpha-smooth muscle actin.
MFG-E8 Blocks TGF-β1-Induced PSC Activation, Autophagy and Oxidative Stress in Vitro
PSCs activation plays a fundamental role in the development of pancreatic fibrosis. Activated PSCs have upregulated α-SMA expression and release a large amount of extracellular matrix proteins such as collagen I. To determine the effects of MFG-E8 on PSCs activation in vitro, we treated human PSCs with TGF-β1 in the presence of various concentrations of MFG-E8. As shown in Figures 4A–D, MFG-E8 dose-dependently suppressed TGF-β1-induced collagen I and α-SMA production in cultured human PSCs. MFG-E8 also blocked TGF-β1-induced autophagy (Figures 4E,F) and oxidative stress (Figures 4G–K) in cultured human PSCs.
[image: Figure 3]FIGURE 3 | Exogenous MFG-E8 Alleviates Autophagy and Oxidative Stress in Cerulein-CP. Cerulein-CP was induced by six IP injections of cerulein (50 μg/kg/body weight) twice a week for 10 weeks. During the last 5 weeks, 1 h after cerulein injection, normal saline (vehicle) or 20 μg/kg MFG-E8 was administered through intraperitoneal injection. The control group received the same frequency and time of intraperitoneal injection of normal saline (Sham). The animals were sacrificed at 2 days after the last injection of cerulein or normal saline. Blood and tissue samples were collected. (A,B) Western blot analysis of the expression of ATG7, ATG5, P62 and LC3B in the pancreas (one-way ANOVA with the Tukey-Kramer test); (C,D) Representative images and quantitative analysis of immunofluorescence staining of DHE in the pancreas (one-way ANOVA with the Tukey-Kramer test); (E) FRAP level in the pancreas (one-way ANOVA with the Tukey-Kramer test); (F) GSH level in the pancreas (one-way ANOVA with the Tukey-Kramer test); (G) MDA level in the pancreas (one-way ANOVA with the Tukey-Kramer test); (H) SOD level in the pancreas (one-way ANOVA with the Tukey-Kramer test). n = 3–6, mean ± SEM; ∗ p < 0.05 versus Sham group; #p < 0.05 versus Vehicle group. CP, chronic pancreatitis; MFG-E8, Milk Fat Globule-EGF Factor 8; MDA, malondialdehyde; SOD, superoxide dismutase; FRAP, Ferric ion reducing antioxidant power; DHE, Dihydroethidium; GSH, glutathione.
MFG-E8 Suppresses ER Stress and Chaperone-Mediated Autophagy in Activated PSCs
TGF-β1 treatment increased ER stress-related protein GRP78 expression and PERK phosphorylation in human PSCs (Figures 5A,B), suggesting activated ER stress. MFG-E8 decreased TGF-β1-induced GRP78 expression and PERK phosphorylation in human PSCs. ER stress can lead to CMA (Li et al., 2018b). LAMP2A is the rate-limiting receptor for CMA substrate flux. And increased CMA activity leads to MEF2D degradation (Li et al., 2017). As shown in Figures 5A,B, TGF-β1 also increased LAMP2A expression and decreased MEF2D expression in human PSCs, suggesting increased CMA activity. MFG-E8 decreased TGF-β1-induced LAMP2A express, while increased MEF2D expression in the meantime. Exogenous MFG-E8 also reduced ER stress and CMA in cerulein-treated CP mice (p < 0.05, Supplementary Figures S4A,B). QX77 is a specific CMA activator. It can upregulate LAMP2A expression (Zhang et al., 2017). As shown in Figures 5C,D, QX77 reversed MFG-E8’s effects on LAMP2A and MEF2D expression. To explore the role of CMA in MFG-E8’s effects on PSC activation, the expression of collagen I and α-SMA was measured. As shown in Figures 5E–H, QX77 eliminated MFG-E8’s effects on collagen I and α-SMA expression. Similarly, the suppressive effect of MFG-E8 on oxidative stress in activated PSCs was also mitigated by the addition of QX77 (Figures 5I–M).
[image: Figure 4]FIGURE 4 | Exogenous MFG-E8 Blocks TGF-β1–induced activation of HPSCs. Human pancreatic stellate cells (1×106/well) were treated with 5 ng/ml TGF-β1 with or without 10 ng/ml or 20 ng/ml MFG-E8 for 24 h, the same volume of PBS was added to another group of HPSCs as a control group. (A,B) Representative images and quantitative analysis of immunofluorescence staining of α-SMA and collagen I in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (C,D) Western blot analysis of the expression of α-SMA and collagen I in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (E,F) Western blot analysis of the expression of ATG7, ATG5, P62 and LC3B in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (G,H) Representative images and quantitative analysis of immunofluorescence staining of DHE in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (I) FRAP level in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (J) SOD level in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (K) MDA level in the HPSCs (one-way ANOVA with the Tukey-Kramer test). n = 3–6, mean ± SEM; ∗ p < 0.05 versus Sham group; #p < 0.05 versus Vehicle group. α-SMA, alpha-smooth muscle actin; TGF-β1, transforming growth factor-β1; HPSCs, human pancreatic stellate cells, MDA, malondialdehyde; SOD, superoxide dismutase; MFG-E8, Milk Fat Globule-EGF Factor 8; FRAP, Ferric ion reducing antioxidant power; DHE, Dihydroethidium.
DISCUSSION
Pancreatic fibrosis, a characteristic feature of CP, is the result of abnormal activation of stromal cells and deposition of extracellular matrix (ECM) proteins. The development of fibrosis leads to the gradual loss of exocrine and endocrine functions of the pancreas. Currently, there is no specific treatment for pancreatic fibrosis. Clinical management of CP patients mainly relies on supportive therapies to alleviate pain and prevent complications. As such, identifying key factors in pancreatic fibrosis would greatly contribute to the development of effective treatment for CP. In this study, we found, for the first time, that MFG-E8 gene defect exaggerated pancreatic fibrosis after repeated cerulein injection in mice, and intraperitoneal injection of exogenous MFG-E8 alleviated pancreatic fibrosis in cerulein-CP mice, suggesting that MFG-E8 is an important regulator of pancreatic fibrosis in CP.
MFG-E8 was first identified in the lactation mammary gland (Hanayama and Nagata, 2005). Subsequent studies have demonstrated that MFG-E8 promotes the removal of apoptotic cells and inhibits inflammatory responses (Miksa et al., 2008; Kranich et al., 2010; Wu et al., 2010; Cheyuo et al., 2012; Shah et al., 2012). MFG-E8 deficiency has been linked to the development of autoimmune diseases such as rheumatoid arthritis and inflammatory bowel disease (Nagata, 2007; Albus et al., 2016; He et al., 2016). Our recent study has shown that MFG-E8 restores mitochondrial function via integrin-medicated activation of the FAK-STAT3 signaling pathway in acute pancreatitis (Ren et al., 2021). It is well known that repeated episodes of acute pancreatitis lead to the development of CP. To extend our investigation of MFG-E8 in pancreatitis, we evaluated the role of MFG-E8 in pancreatic fibrosis in the current study. The results suggest that MFG-E8 has an anti-fibrotic property in the pancreas. This is consistent with the reported function of MFG-E8 in hepatic fibrosis, renal fibrosis and skin fibrosis (Fujiwara et al., 2019; Shi et al., 2020; Wang et al., 2020). Thus, MFG-E8 may be a promising option for the treatment of pancreatic fibrosis.
Activation of PSCs plays a critical role in the development of pancreatic fibrosis in CP (Ramakrishnan et al., 2020). Activated stellate cells cause the deposition of extracellular matrix by releasing a series of collagen fibers including α-SMA, collagen I and III. Pathological changes were manifested as the loss of a large number of functional cells such as pancreatic acinus cells and pancreatic-beta cells, and replaced by a large number of proliferation of non-functional extracellular matrix (Masamune et al., 2009). Autophagy is necessary for the activation of PSCs (Endo et al., 2017). The increase of intracellular oxygen free radicals induced by autophagy aggravates oxidative stress and further stimulates the release of α-SMA by activated PSCs (Xue et al., 2019). Using two different mouse models of CP, we showed that intraperitoneal injection of exogenous MFG-E8 inhibited pancreatic fibrosis and inflammatory responses. Moreover, in our in vitro study, we found that exogenous MFG-E8 alleviated TGF-β1-induced activation of human PSCs, which is associated with reduced autophagy and oxidative stress, indicating that MFG-E8 might inhibit the activation of PSCs by suppressing autophagy.
Our previous study has found that TGF-β1-induced activation of HPSCs results in ER stress and aggravates cellular oxidative stress (Ren et al., 2020). ER stress leads to the activation of chaperone-mediated autophagy (CMA) (Abokyi et al., 2020). CMA is a unique form of autophagy, which was only found in mammalian cells. It requires the participation of lysosomal-associated membrane protein 2A (LAMP2A), which facilitates the translocation of cytosolic proteins containing a KFERQ-like peptide motif across the lysosomal membrane and subsequent MEF2D degradation (Pajares et al., 2018; Wang et al., 2018). As a rate-limiting molecule of CMA, the abnormal expression or function of LAMP2A is of great pathophysiological significance. In the current study, we found that TGF-β1 treatment led to the elevated expression of LAMP2A and the reduced level of MEF2D. MFG-E8, on the other hand, decreased LAMP2A expression and increased MEF2D expression in TGF-β1-treat human PSCs, suggesting MFG-E8 can suppress the CMA pathway. QX77, a specific CMA activator, not only reversed MFG-E8’s effects on LAMP2A and MEF2D expression, but also eliminated MFG-E8’s effects on collagen I and α-SMA expression. These results, taken together, indicated that MFG-E8 mitigates pancreatic fibrosis by inhibiting the ER stress-induced CMA pathway. However, it is also possible that MFG-E8 directly inhibits ER stress. A recent study by Song M et al. has shown that activation of p-STAT3 alleviates ER-stress in splenocytes during chronic stress (Song et al., 2020). Our previous study has suggested that MFG-E8 can activate p-STAT3 (Ren et al., 2021). In this regard, the direct effect of MFG-E8 on ER-stress in pancreatitis warrants further investigation.
The impact of MFG-E8 in CP, however, remains controversial. D'Haese JG et al. found that compared with normal pancreatic tissue samples obtained from healthy organ donors, pancreatic tissues collected from chronic pancreatitis patients had significantly higher levels of MFG-E8 (D’Haese et al., 2013). How the normal pancreatic tissue samples were obtained and preserved, however, were not described in the paper. Pancreatic tissues obtained from organ donors might undergo ischemia reperfusion injury, machine perfusion and static cold storage. All these factors could alter the expression of MFG-E8. More importantly, the authors did not provide any direct evidence showing MFG-E8 plays a pathogenic role in chronic pancreatitis. In the current study, we found that administration of recombinant MFG-E8 alleviated pancreatic fibrosis in mouse models of CP and MFG-E8 inhibited TGF-β1-induced ER stress and chaperone-mediated autophagy in cultured human PSCs. In addition, knockout of mfge8 gene exaggerated pancreatic fibrosis after repeated cerulein injection in mice. These results were consistent with several other studies, which also showed that MFG-E8 has anti-fibrotic effects (Brissette et al., 2016; Fujiwara et al., 2019; Shi et al., 2020; Kim et al., 2021).
There are some limitations of the study. First of all, due to the lack of clinical samples, we were unable to verify our findings in CP patients. The clinical significance of this study warrants further investigation. And alcohol consumption is the most common cause of CP in Western societies (Singh et al., 2019). Although we evaluated the anti-fibrotic effect of MFG-E8 in two different CP models, whether it has any effect on alcohol-induced CP remains unknown. The major biological effects of MFG-E8 are mediated through binding to αvβ3/5 integrins. Our previous study has shown that administration of cilengitide, a specific αvβ3/5 integrin inhibitor, abolished MFG-E8’s beneficial effects in acute pancreatitis (Ren et al., 2021). Whether the recombinant MFG-E8 has any off-target effects in CP, however, remains to be determined. Furthermore, this study showed that MFG-E8 downregulated LAMP2A expression. However, the detailed molecular mechanism is still unknown.
CONCLUSION
MFG-E8 alleviates pancreatic fibrosis via inhibiting ER stress-induced chaperone-mediated autophagy in experimental CP. Recombinant MFG-E8 may be developed as a novel treatment for pancreatic fibrosis in CP.
[image: Figure 5]FIGURE 5 | ER Stress Induced CMA Mediate the Activation of HPSCs. Human pancreatic stellate cells (1×106/well) were treated with 5 ng/ml TGF-β1 with or without 20 ng/ml MFG-E8 for 24 h, the same volume of PBS was added to another group of HPSCs as a control group. To determine the role of ER stress-mediated CMA activation in exogenous MFG-E8’s effect in HPSCs, QX77, a LAMP2A-specific activator, was added simultaneously with 20 ng/mL-MFG-E8 in TGF-β1-treated HPSCs. (A,B) Western blot analysis of the expression of GRP78, p-PERK, PERK, LAMP2A and MEF2D in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (C,D) Western blot analysis of the expression of LAMP2A and MEF2D in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (E,F) Western blot analysis of the expression of α-SMA and Collagen I in the HPSCs (one-way ANOVA with the Tukey-Kramer test); (G,H) Representative images and quantitative analysis of immunofluorescence staining of α-SMA and collagen I in the HPSCs (t-test); (I,J) Representative images and quantitative analysis of immunofluorescence staining of DHE in the HPSCs (t-test); (K) FRAP level in the HPSCs (t-test); (L) MDA level in the HPSCs (t-test); (M) SOD level in the HPSCs (t-test). n = 4–6, mean ± SEM; ∗ p < 0.05 versus Sham group; #p < 0.05 versus Vehicle group. α-SMA, alpha-smooth muscle actin; TGF-β1, transforming growth factor-β1; HPSCs, human pancreatic stellate cells, MFG-E8, Milk Fat Globule-EGF Factor 8; DHE, Dihydroethidium; LAMP2A, Lysosomal associated membrane proteins 2a; MDA, malondialdehyde; SOD, superoxide dismutase; FRAP, Ferric ion reducing antioxidant power.
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Background: Patients with idiopathic pulmonary fibrosis (IPF) often have irritating persistent dry cough. Possible correlations between dry cough and laryngopharyngeal reflux (LPR) remain unclear.
Methods: 44 patients with IPF and 30 healthy individuals underwent 24 h laryngopharyngeal pH monitoring. Ryan index score was calculated. Patients’ demographic and clinical data were collected.
Results: 44 patients with IPF and 30 healthy individuals were included. The proportions of men and smokers were significantly higher in IPF group than control group (All p < 0.01). The average laryngopharyngeal pH value for 24 h was similar in the IPF (7.11 ± 0.08) group and control group (7.09 ± 0.06). According to the percentage duration of pH < 6.5, pH6.5–7.5, and pH > 7.5 in the overall measure duration, the patients were classified into three pH groups. In entire pH monitoring duration, the proportion of pH > 7.5 group in IPF patients was higher than control group; at upright position, the proportion of pH > 7.5 group in IPF patients was higher than control group; at supine position, the proportion of pH < 6.5 group in IPF patients was higher than control group (All p < 0.01). Seven patients had Ryan index score>9.41 at upright position. All patients had Ryan index score<6.79 at supine position. Four patients showed significantly higher and one patient had significantly lower average pH at coughing than the overall average pH (All p < 0.05).
Conclusions: Patients with IPF may have LPR. Basic and acidic LPR may likely occur at upright and supine position, respectively. Ryan index may not accurately reflect LPR in patients with IPF.
Keywords: interstitial lung diseases, idiopathic pulmonary fibrosis, laryngopharyngeal reflux, ryan index, cough
INTRODUCTION
Interstitial lung diseases (ILDs) refer to a group of lung diseases characterized in alveolar inflammation and interstitial fibrotic lesions (Travis et al., 2013). The etiology of ILDs is complex and diverse. Idiopathic pulmonary fibrosis (IPF) and connective tissue disease-related interstitial lung disease (CTD-ILD) are the most common types of ILD (Hu et al., 2016). The main respiratory symptoms of IPF include irritating cough and breathing difficulty.
Gastroesophageal reflux disease (GERD) is caused by the reflux of gastric acid and other stomach contents into the esophagus, and one of its typical clinical symptoms is cough (Cohen et al., 2002; Hom and Vaezi, 2013; Lai et al., 2013). GERD has been recognized as a common cause for chronic cough (Lai et al., 2013). International diagnosis and treatment guidelines for IPF suggest an association between GERD and IPF onset and thus recommend anti-acid treatments for patients with IPF (Raghu et al., 2006; Lee et al., 2011; Raghu et al., 2011; Raghu et al., 2015). However, a previous report has shown that anti-acid treatments do not reduce the all-cause mortality and the rate of hospitalization of patients with IPF (Lee et al., 2013). Moreover, Raghu and colleagues have found that approximately half of patients with IPF did not present gastroesophageal reflux (GER) symptoms, such as heartburn and sour regurgitation (Raghu et al., 2011). Extraesophageal reflux (EER) or laryngopharyngeal reflux (LPR) is the reflux of stomach contents into the throat and larynx, and patients with LPR usually do not present the classic symptoms of GERD (Hom and Vaezi, 2013). An accurate diagnosis of LPR remains challenging in clinical practice.
LPR is the reflux of stomach contents into the area above the upper esophageal sphincter, such as the nasal cavity, mouth, throat, trachea, and lung (Koufman, 2002). Patients with LPR disease (LPRD) often presents cough, laryngopharyngeal discomfort, and breathing difficulty (Cohen et al., 2002; Koufman, 2002; Ayazi et al., 2009). Similar to GERD, LPRD can also cause chronic cough. Gaseous refluxate in the airway reduces the pH of the upper airway to <6.5, which activates the pepsin that is from the refluxate and deposited on the airway mucosal epithelial cells and consequently induces nonspecific inflammation in the airway mucosa (Cohen et al., 2002; Koufman, 2002). Previous studies have demonstrated that 32–84% of patients with bronchial asthma had GERD and 50% of the patients with GERD did not present any obvious reflux symptoms such as heartburn and sour regurgitation (Harding et al., 2000; Mastronarde et al., 2009). GERD can exacerbate asthma. Antacids and gastric pro-motility drugs can alleviate asthma symptoms in patients with GERD (Sharma et al., 2007; DiMango et al., 2009; Liang et al., 2013). The association between LPR and IPF remains unclear, and monitoring upper airway pH in patients with IPF is essential to understand such association and may shed light on therapeutic strategies for LPR in patients with IPF.
MATERIALS AND METHODS
Study Design
This single-center prospective study was conducted in Shanghai Pulmonary Hospital of Tongji University in Shanghai China. A total of 44 patients with IPF treated in Shanghai Pulmonary Hospital from November 2016 to September 2017 were included in this study. The study protocol has been approved by the Ethics Committee of Shanghai Pulmonary Hospital (Approval No: K16-296). The study was registered on the Chinese Clinical Trial Registry (http://www.chictr.org.cn/abouten.aspx, ChiCTR-ODC-16009478). Written informed consent was obtained from all the study participants prior to inclusion in the study.
Study Participants
Patients with a confirmed diagnosis of IPF were enrolled. Patients with the following clinical characteristics were excluded: 1) had a malignancy or a history of malignancy; 2) were using glucocorticoid and/or immunosuppressants (including azathioprine, cyclophosphamide, mycophenolate mofetil, and cyclosporin A); 3) had serious systemic diseases and organ dysfunction; 4) refuse to do laryngophary reflux 24 h monitor; 5) had incomplete clinical data. A total of 30 age-matched healthy individuals, who had routine physical examination in Shanghai Pulmonary Hospital, were included as controls.
Disease Diagnostic Criteria
IPF was diagnosed according to the 2013 American Thoracic Society/European Respiratory Society statement (Travis et al., 2013).
Twenty Four-Hour Laryngopharyngeal pH Monitoring
The Restech® pH sensor (Respiratory Technology Corp., San Diego, CA) was first calibrated using two standard buffer solutions at pH 7 and pH 4, respectively. The nasal passage was topically anesthetized using Q-tips soaked with 2% lidocaine. The sensor was inserted into the nasal cavity and moved toward the throat until the flashing LED of the sensor was visible in the back of the throat, and then the sensor was positioned so that the flashing light was 5–10 mm below the uvula. The 5 mm-long LED light serves as a guide for the placement of the pH sensor. The catheter was first secured as close to the nares as possible on the face using a Tegaderm™ and then passed over the ear and secured on the neck using another Tegaderm™. The transmitter at the end of the catheter was either taped to the skin or attached to the study participant’s clothing using a clip-on case. The data recorder was attached to the study participant’s belt. The study participants were prohibited from taking a shower or bath during the recording period and were required to keep a diary to record meal periods and the time staying at supine and upright positions. The meal periods were excluded from data analyses. The data collected by the Restech® recorder and the information from the dairy were analyzed (Ayazi et al., 2009; Sun et al., 2009).
Ryan Index Calculation
Based on the data collected from the Dx-pH 24 h laryngopharyngeal pH monitoring, a LPR episode was defined as a pharyngeal pH < 5.5 at upright position and/or <5.0 at supine position. The number of LPR episodes, the longest duration of a LPR episode, and the proportion of total duration of LPR episodes in the total recording duration (episodes % time) were calculated, and the differences in these parameters between study participants and healthy population were determined according to a previous description (Cohen et al., 2002). The data analysis software of the Restech® recorder calculates patients’ Ryan index based on the number of LPR episodes, duration of the longest LPR episode, and LPR episodes % time (Cohen et al., 2002).
Blood Tests and Arterial Blood Gas Test
Blood tests were performed to evaluate liver and kidney function, C-reactive protein (CRP) levels, and erythrocyte sedimentation rate (ESR). Partial pressure of oxygen (PaO2), partial pressure of carbon dioxide (PaCO2), and oxygen saturation (SaO2) were also measured.
Chest High-Resolution Computed Tomography Score
The scoring criteria for chest HRCT followed a previous description and are described in Table 1 (Su et al., 2017). One radiologist and two pulmonologists scored chest HRCT results separately, and the average score was used for data analyses.
TABLE 1 | Chest HRCT scoring criteria.
[image: Table 1]Pulmonary Function Test
Force vital capacity (FVC), FVC expressed as a percentage of predicted (FVC % pred), and carbon monoxide diffusing capacity of the lung expressed as a percentage of predicted (DLCO % pred) were determined to assess study participants’ pulmonary function.
Cough Symptom Score
Cough symptom score (CSS) was determined according to a previous description and the criteria are displayed in Table 2 (Chung, 2006). Two pulmonologists independently evaluated daytime CSS, nighttime CSS, and total CSS. The average scores from the two pulmonologists were used for data analysis.
TABLE 2 | Cough symptom scoring criteria.
[image: Table 2]Statistical Analysis
The statistical analysis software SPSS 16.0 was used. Measurement variables are presented as mean ± standard deviation (SD). Inter-group comparison was examined by independent t-test. One sample t-test was used to compare the average pH at coughing versus the overall average pH. p < 0.05 was considered statistically significant. The constituent ratios of different pH range (pH < 6.5, pH 6.5–7.5, and pH > 7.5) were analysed by chi-square test.
RESULTS
General Clinical Data
The patient flowchart is displayed in Figure 1. A total of 44 patients with IPF were included in the study. The control group included 30 age-matched healthy individuals. The IPF group had significantly higher proportions of men (90.9 vs 46.7%) and smokers (75.0 vs 16.7%) than the control group (All p < 0.01, Table 3). The average age was similar in two groups (IPF group: 62 ± 8 years, Control group: 61 ± 9 years) (Table 3).
[image: Figure 1]FIGURE 1 | Patient flow chart.
TABLE 3 | Patient general clinical data.
[image: Table 3]Twenty-Four-hour Laryngopharyngeal pH Monitoring Results of the Three Groups
The average laryngopharyngeal pH value for 24 h was similar in the IPF (7.11 ± 0.08) group and control group (7.09 ± 0.06) (Figure 2). The typical results of 24 h laryngopharyngeal pH monitoring of one patient with IPF are presented in Figure 3. We calculated the percentage duration of pH < 6.5, pH 6.5–7.5, and pH > 7.5 in the overall measurement time of every patient and allocated the 44 IPF patients and 30 healthy individuals into pH < 6.5, pH 6.5–7.5, and pH > 7.5 groups according to the highest percentage duration. When the entire pH measurement duration was used as the denominator to calculate the percentage duration, 11.4, 61.3, and 27.3% of the 44 IPF patients were in pH < 6.5, pH 6.5–7.5, and pH > 7.5 group, respectively. 3.3, 93.4, and 3.3% of the 30 healthy individuals were in each respective group. The proportion of pH > 7.5 group in IPF patients was higher than control group (p < 0.01); when the duration of upright position was used for the calculation, 6.8, 63.6, and 29.6% of the 44 IPF patients were in each respective group. 3.3, 93.4, and 3.3% of the 30 healthy individuals were in each respective group. The proportion of pH > 7.5 group in IPF patients was higher than control group (p < 0.01); when the duration of supine position was used, the proportions of 44 IPF patients in pH < 6.5, pH 6.5–7.5, and pH > 7.5 group were 27.3, 54.5, and 18.2%. The proportions of 30 healthy individuals in each respective group were 3.3, 90.0, and 6.7%. The proportion of pH < 6.5 group in IPF patients was higher than control group (Table 4). Overall, 7 patients showed abnormal Ryan index score at upright position (Ryan index score >9.41). None of the 44 patients showed abnormal Ryan index score at supine position (Table 5). Abnormal Ryan index score was defined as > 6.79.
[image: Figure 2]FIGURE 2 | Overall mean laryngopharyngeal pH values of IPF and control groups Control: healthy individuals. IPF = idiopathic pulmonary fibrosis. The overall average laryngopharyngeal pH of two groups were similar (IPF: 7.11 vs Control 7.09, p > 0.05, Kruskal-Wallis test).
[image: Figure 3]FIGURE 3 | Results of 24 h pharyngeal pH monitoring of a patient with IPF The upright and supine periods can be identified easily by the pattern of the pH recording. pH was more than 7.5 for the majority of the monitoring time. ↓ represent cough events. Cough occurred when pH was >7.5.
TABLE 4 | Proportions of patients in different pH groups.
[image: Table 4]TABLE 5 | Seven patients showing abnormal Ryan index score.
[image: Table 5]Correlation Between pH Value and Cough
No heart burn event occurred in the 44 IPF patients and 30 healthy individuals during the 24 h laryngopharyngeal pH monitoring. Comparison of the average pH value during coughing versus the overall average pH value showed that 4 IPF patients had significantly higher average pH at coughing than the overall average pH and one patient had significantly lower average pH at coughing (All p < 0.05, Table 6).
TABLE 6 | Five patients showing significant changes in pH values at coughing.
[image: Table 6]DISCUSSION
IPF is a progressive lung disease with an unknown etiology. The pathology of IPF is characterized by slowly progressive diffuse alveolar inflammation and/or alveolar structural disorders, which eventually damage alveolar structure and result in pulmonary fibrosis and honeycomb lung. IPF has a poor prognosis and the survival time of patients with IPF is approximately 3–5 years (Loomis-King et al., 2013). IPF ultimately lead to scars in lung tissues.
Previous studies have suggested that IPF may be highly associated with GERD [(Raghu et al., 2011), (Lee et al., 2011)]. Chronic inhalation of gaseous refluxate is a risk factor for airway and pulmonary inflammation and could induce or exacerbate IPF. Antacids, such as proton pump inhibitors and histamine H2-receptor antagonists, have been found to reduce the risk of GER-associated pulmonary damages (Raghu et al., 2006; Lee et al., 2011). Clinicians have routinely prescribed anti-acid drugs for patients with IPF (Raghu et al., 2011; Raghu et al., 2015). GER is caused by abnormal lower esophageal sphincter relaxation, which allows stomach contents to flow back to the esophagus. The majority of the stomach contents in GER are liquid and stay inside the esophagus. Patients with GER and LPR may experience gaseous reflux into the upper airway. LPR is caused by abnormal upper esophageal sphincter relaxation and is mainly gaseous reflux into the throat, nose, and ear. The gaseous refluxate can then enter the lower airway and alveoli during breathing. Thus, compared with GER, LPR appears more likely to adversely affect the lower airway and lung parenchyma and exacerbate IPF.
The etiology of GERD is associated with the dysfunction of gastric cardia and lower part of the esophagus. The clinical presentations of GERD are mainly digestive tract symptoms and occasional airway symptoms. The pathophysiology of GERD is characterized by acidic or basic gastric liquid and gaseous reflux into the esophagus and into the airway in severe cases. The etiology of LPR is associated with gastric empty dysfunction. LPR causes pathological changes in the airway. The clinical presentations of LPR are mainly airway symptoms but not digestive tract symptoms. The pathophysiology of LPR is characterized by acidic or basic gaseous reflux into the airway. Only 20% of patients with LPRD and GERD show low esophageal pH (the duration of pH < 4.0 is more than 4% of the total measurement time). Therefore, only monitoring esophageal pH could miss the diagnosis of LPRD in 80% of patients with LPRD (Ford, 2005; Yuksel and Vaezi, 2013). The 24 h laryngopharyngeal pH monitoring (DX-pH) has been used to diagnose LPRD (Sun et al., 2009; Wiener et al., 2009; Vailati et al., 2013). The diagnostic criteria for LPR based on DX-pH are the Ryan index at upright position >9.41 and/or at supine position >6.79.
In the current study, we monitored the laryngopharyngeal pH of 44 patients with IPF and 30 healthy individuals for 24 h and explored the association between IPF and LPR. The analysis of the overall 24 h laryngopharyngeal pH showed that 61.3, 27.3, and 11.4% of the 44 IPF patients had neutral, basic, and acidic laryngopharyngeal pH, respectively. 93.4, 3.3, and 3.3% of the 30 healthy individuals had neutral, basic, and acidic laryngopharyngeal pH. The proportion of pH > 7.5 group in IPF patients was higher than control group. The normal pH in the lower airway is 7.0–7.5. Thus, both basic reflux (pH > 7.5) and acidic reflux (pH < 6.5) appear to occur in patients with IPF. According to the diagnostic criteria for LPR (Ryan index at upright position >9.41), only 7 IPF patients met the criteria.
The normal pH in the lung is 7.0–7.5. pH > 7.5 may reduce enzyme activity in the lung tissues or even denature enzymes. Thus, basic reflux could affect lung function adversely, particularly for patients with IPF, who often have poor pulmonary elasticity because of lung fibrosis. Patients with IPF may have to inhale deeply to expand the alveoli because of the poor pulmonary elasticity. The deep inhalation may cause excessive negative pressure in the chest, which in turn may cause the basic contents including bile and pancreatic juice flow from the duodenal to the throat. The speed of this basic reflux may be too fast to allow the basic contents to be neutralized by gastric acid and to be cleared from the throat. The contents of basic refluxate and the adverse effects of basic refluxate on the laryngopharyngeal mucosa, the lower airway, and the lung need to be further investigated. Acidic reflux could activate the pepsin that has been deposited on the lower airway mucosa and alveoli and consequently result in nonspecific inflammation and trigger IPF.
The analysis of the pH at supine position showed that 54.5, 27.3, and 18.2% of the 44 IPF patients had neutral, acidic, and basic laryngopharyngeal pH, respectively. 90.0, 6.7, and 3.3% of the 30 healthy individuals had neutral, acidic, and basic laryngopharyngeal pH. The proportion of pH < 6.5 group in ILD patients was higher than control group. The supine position may actually facilitate gastric acid reflux into the throat. We found that using Ryan index only diagnosed 7 cases of LPR. For the entire pH monitoring duration and the duration at upright position, about 30% of the patients showed basic laryngopharyngeal pH, whereas for the duration at supine position, approximately 30% of the patients had acidic laryngopharyngeal pH. These findings indicate that the cut-off value of Ryan index for positive LPR (pH < 5.5 at upright position and/or pH < 5.0 at supine position) may not reflect LPR effectively in patients with IPF. In addition, we found that only five of the 44 patients showed significant difference between the average pH at coughing and the overall average pH. This suggests that cough appears more likely to be associated with IPF but not with LPR in patients with IPF. But it is not definitely clear whether the correlation between chronic cough and laryngopharyngeal pH changes is the causal effect or just correlation. We will further explore it in our future study. This study is an exploratory research. The sample size was relatively small. Idiopathic pulmonary fibrosis is a rare disease. Researches about laryngopharyngeal pH monitoring in patients with IPF were rarer. However, we still got some valuable findings in a limited number of study participants. Although the interpretation of the data is limited by small number of study participants, the current study was first to explore the possible association between LPR and IPF. In addition, we will investigate the composition of gaseous refluxate and study possible mechanism underlying the adverse effects of LPR on IPF initiation and development in our future study.
CONCLUSION
We found that 50–60% of the patients had neutral laryngopharyngeal pH and did not need anti-acid treatments. Basic LPR may likely occur at upright position, whereas acidic LPR may probably occur at supine position. Patients with acidic LPR may use antacids (Park et al., 2005; Sato, 2006; Naik and Vaezi, 2013) and gastric pro-motility drugs (Glicksman et al., 2014). Patients with basic LPR may only need gastric pro-motility drugs. Ryan index score calculated based on acidic LPR may not reflect LPR accurately in patients with IPF.
ABBREVIATIONS
CRP, c-reactive protein; CSS, cough symptom score; CTD-ILD, connective tissue disease-related interstitial lung disease; DLCO % pred, carbon monoxide diffusing capacity of the lung expressed as a percentage of predicted; EER, extraesophageal reflux; ESR, erythrocyte sedimentation rate; FVC % pred, force vital capacity expressed as a percentage of predicted; FVC, force vital capacity; GERD, gastroesophageal reflux disease; ILD, interstitial lung diseases; IPF, idiopathic pulmonary fibrosis; LPR, laryngopharyngeal reflux; PaCO2, partial pressure of carbon dioxide; PaO2, partial pressure of oxygen; SaO2, oxygen saturation.
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Extracellular HSP90α Interacts With ER Stress to Promote Fibroblasts Activation Through PI3K/AKT Pathway in Pulmonary Fibrosis
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Pulmonary fibrosis is characterized by alveolar epithelial cell injury, lung fibroblast proliferation, differentiation, and extracellular matrix (ECM) deposition. Our previous study indicated that extracellular HSP90α (eHSP90α) promotes pulmonary fibrosis by activating the MAPK signaling pathway. Thus, treatment with 1G6-D7 (a selective HSP90α monoclonal antibody) to antagonize eHSP90α could effectively ameliorate fibrosis. This study aimed to elucidate the mechanism underlying the effects of eHSP90α in pulmonary fibrosis by focusing on its link with endoplasmic reticulum (ER) stress. Our results showed that eHSP90α promoted lung fibroblast differentiation by activating ER stress. Treatment with the ER stress inhibitor tauroursodeoxycholate (TUDCA) or glucose-regulated protein 78 kDa (GRP78) depletion significantly abrogated the effect of eHSP90α on ER stress and fibroblast activation. In addition, eHSP90α induced ER stress in fibroblasts via the phosphoinositide-4,5-bisphosphate 3-kinase (PI3K)-protein kinase B (AKT) signaling pathway, which could be blocked by the PI3K/AKT inhibitor LY294002, and blockade of eHSP90α by 1G6-D7 markedly inhibited ER stress in the model, indicating preventive and therapeutic applications. Intriguingly, we observed that TUDCA effectively reduced the secretion of eHSP90α in vitro and in vivo. In conclusion, this study shows that the interaction between eHSP90α and ER stress plays a crucial role in pulmonary fibrosis, indicating a positive feedback in lung fibroblasts. Targeting eHSP90α and alleviating fibroblast ER stress may be promising therapeutic approaches for pulmonary fibrosis.
Keywords: extracellular Hsp90α, er stress, fibroblasts activation, PI3K/AKT, pulmonary fibrosis
INTRODUCTION
Pulmonary fibrosis is a chronic, progressive, fibrotic interstitial pulmonary disease of unknown origin that results in reduced exchange and impaired pulmonary function. To our knowledge, pulmonary fibrosis is one of the most forms of common interstitial pneumonia, presenting with a high morbidity rate and lacking effective therapies to improve the survival rate. Pirfenidone and nintedanib have been recently shown to have a moderate effect on disease progression. However, neither agent stops pulmonary fibrosis progression (Martinez et al., 2017; Richeldi et al., 2017). Therefore, it is essential to develop alternative therapeutic strategies for patients with PF. The pathological characteristics of pulmonary fibrosis include alveolar epithelial injury, aberrant fibroblast differentiation and proliferation, and excessive pro-fibrotic cytokine secretion (Wolters et al., 2014). Notably, with the stimulation of multiple pro-fibrotic cytokines, lung fibroblasts differentiate into myofibroblasts, leading to massive ECM accumulation and accelerated fibrosis progression (Kwon et al., 2018; Duan et al., 2019; Li et al., 2019). Therefore, fibroblasts/myofibroblasts play a central role in fibrosis formation, and suppression of fibroblast differentiation could be an important strategy to alleviate pulmonary fibrosis.
The endoplasmic reticulum (ER) plays a key role in cellular homeostasis and is extremely sensitive to various changes. Failure of the ER to fold and assemble proper protein architecture leads to accumulation of misfolded/unfolded proteins in the ER lumen, disturbing ER homeostasis and provoking ER stress. ER stress-associated proteins mainly include GRP78, activating transcription factor-6 (ATF6), and inositol-requiring enzyme-1α (IREα). The main function of these proteins is to expand the ER protein-folding capacity and reduce ER load. ER stress has been recently noted in various diseases, including cancer, asthma, and diabetes (Cubillos-Ruiz et al., 2017; Bhakta et al., 2018; Crookshank et al., 2018). For instance, multiple cancers have a sustained and abnormally high expression of ER-related proteins (Fernandez et al., 2000; Shuda et al., 2003; Carrasco et al., 2007). In addition, ER stress is also involved in lung fibrosis by regulating fibroblast proliferation, differentiation, and alveolar epithelial injury (Lee et al., 2020a; Borok et al., 2020). Treatment with the ER stress inhibitor 4-phenylbutyrate (4-PBA) or TUDCA could effectively attenuate pulmonary fibrosis (Hsu et al., 2017; Lee et al., 2020b). Therefore, further investigation of the molecular mechanisms underlying ER stress in pulmonary fibrosis is highly appreciated.
The levels of heat shock protein 90 (HSP90), one of the most abundant HSPs, have been reported to be elevated in IPF patients and experimental pulmonary fibrosis. Furthermore, HSP90 inhibition with 17-AAG or AUY-922 could help alleviate pulmonary fibrosis by blocking the transforming growth factor-β (TGF-β) signaling pathway (Colunga et al., 2020). Notably, HSP90 has been confirmed to be secreted from cells following multiple stresses such as hypoxia, reactive oxygen species and heat, and this secreted form is called eHSP90α. Emerging evidence indicates that eHSP90α is associated with tumor progression and wound healing (Li et al., 2012; Fan et al., 2019). In addition, we previously confirmed that eHSP90α promotes pulmonary fibrosis by activating the MAPK signaling pathway, and the use of the monoclonal antibody 1G6-D7 could effectively attenuate pulmonary fibrosis (Dong et al., 2017). As mentioned above, ER stress has a positive effect on the activation of lung fibroblasts in pulmonary fibrosis. However, the relationship between eHSP90α and ER stress in pulmonary fibrosis has not yet been completely clarified.
In this study, we examined the crosstalk between eHSP90α and ER stress in lung fibroblasts. The role of eHSP90α in the regulation of ER stress depends on activating the PI3K/AKT signaling pathway. We also confirmed ER stress mediated eHSP90α released in the pulmonary fibrosis.
MATERIALS AND METHODS
Cell Culture
IMR90 cells were purchased from ATCC and cultured in EMEM medium supplemented with 10% fetal bovine serum (PAN, German) in an atmosphere of 5% CO2. When the cells were 80–90% confluent, they were stimulated with recombinant TGF-β1 (R&D Systems, United States) with or without TUDCA (MCE, United States) for another 24 h. Before stimulation with human recombinant Hsp90α (hrHsp90α; Stress Marq Biosciences, British Columbia), the cells were pretreated with LY294002 (MCE, United States) for 2 h.
Animal Study
120 Female C57BL/6J mice (6–8 weeks of age) were obtained from Southern Medical University Animal Centre (Guangzhou, China) and maintained in a specific pathogen-free environment. All experiments were performed according to the guidelines for experimental animals and approved by the Institutional Animal Care and Use Committee of the Institute of Biophysics, Chinese Academy of Sciences. The mice were intratracheally administered with either bleomycin (BLM, 3 mg/kg) or vehicle on Day 0. In the TUDCA prevention model, mice were first randomly assigned into four groups (n = 10 for each group): vehicle, TUDCA, BLM and BLM + TUDCA. TUDCA (50 mg/kg) was intraperitoneal injected at an interval of 1 day from Day1. Mice were sacrificed 3 weeks after TUDCA treatment. For the 1G6-D7 treatment model, 7 days after delivery of BLM, 3 weeks after 1G6-D7 nasal inhalation treatment, the mice were sacrificed and lungs were collected. The protocol of 1G6-D7 prevention model was reported previously (Dong et al., 2017). Lung microsections (5 μm) were stained with Masson’s trichrome and hematoxylin and eosin (H&E) to visualize fibrotic lesions.
Cell Counting Kit-8 Assay
The cells were seeded in a 96-well plate, and then treated with different concentrations of rHSP90α to evaluate cell viability at different time points. Cell proliferation was detected by CCK8 (Dojindo, Japan) following the manufacturer’s protocol.
EdU Assay
EdU assay was performed according to the manufacturer’s instructions of the EdU kit (Beyotime, China). The EdU reagent was diluted to 20 μM in serum-free medium, added to the cells and incubated for 4 h. After PBS washing, cells were fixed in 4% paraformaldehyde for 30 min and permeabilized with 0.3% Triton X-100 for 15 min. Dye these cells with Click Additive Solution according to the instructions. DAPI was added to stain the nucleus for 10 min. Finally, positive cells were counted by fluorescence microscope.
Wound Healing Assay
IMR90 cells were seeded in six-well plates. When cells were grown to about 90% confluency and then scratched with a sterile 100 μl pipette tip. The cells were washed with PBS three times. Images of the wounded area were created at indicated time points with the same microscopic cross point by light microscopy.
Immunofluorescence Staining
IMR90 cells were fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 20 min and then blocked with 1% BSA for 30 min. Cells were incubated with α-SMA and Collagen I were visualized with an overnight with specific fluorochrome primary antibodies including α-SMA (Abcam, United States), Collagen I (Affinity, China) at a concentration of 1:100. After extensive washing with PBS, cells were incubated with goat Alexa Fluor 488-labeled secondary antibody (Life Technologies, United States) for 1 h at room temperature and nuclei were stained with DAPI. The images were obtained by using Olympus FluoView® FV1200 confocal laser scanning microscope (Olympus Corporation, Center Valley, PA).
Western Blot Analysis
Lung tissues and cultured cells were extracted with RIPA buffer and then centrifuged at 15,000 rpm, 4°C for 15 min, the supernatant was collected. Protein concentration was quantified using a Bradford protein assay Kit (Beyotime Biotechnology, Shanghai, China). Equal amounts of protein were separated on SDS-PAGE, transferred onto PVDF membranes and then incubated with primary antibodies (Table 1). After being washed with TBST three times, membranes were then incubated with IRDye® 800CW- or 680RD- conjugated secondary antibodies and visualized using a LI-COR Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE, United States).
TABLE 1 | Antibody information.
[image: Table 1]RNA-Seq
RNA was isolated from three biological replicates in both untreated and rHSP90α-treated group according to the manufacturer’s instructions. The cDNA fragments were purified and enriched by PCR to construct the cDNA library. Finally, the cDNA library was sequenced on the Illumina sequencing platform (Illumina HiSeq ™ 4000). The threshold of the p-value in multiple tests was determined by the false discovery rate (FDR). A threshold of the FDR ≤0.05 was used to judge the significance of gene expression differences. The RNA-seq data was uploaded to SRA database. Accession to cite for these SRA data: PRJNA716070.
RNAi and Transfection
siRNAs were synthesized by GenePharma (Shanghai, China). The sequences used are show in Table 2. IMR90 cells transfections were conducted using Lipo3000 (Thermo Fisher Scientific) following the manufacturer’s protocol.
TABLE 2 | The sequences of siRNA.
[image: Table 2]Immunohistochemistry
The expressions of α-SMA, GRP78 and HSP90α were characterized by immunohistochemistry using specific antibodies. Briefly, lung slices were dewaxed in xylene, followed by antigen retrieval with citrate buffer (pH 6.0) and incubated overnight with antibodies against α-SMA (Abcam, 1:400), GRP78 (Santa Cruz, 1:50) and HSP90α (Abcam, 1:200). Then, lung slices were incubated with secondary antibody for 30 min and visualized with a DAB substrate kit (Zhong Shan Jin Qiao, Beijing, China).
ER-Tracker
ER-Tracker was performed to detect ER activity according to the instruction of the ER-Tracker kit (C1041, Beyotime, China). Briefly, cells were incubated with ER-Tracker working fluid for 20 min, followed by image acquisition.
Quantitative RT-PCR
Lung fibroblasts were transfected with siRNA for 24 h and extracted the RNA with Trizol reagent (Takara, Japan). The SYBR Premix Ex Taq II Kit (Takara, Japna) was used to detect the expression of GRP78, normalized to the expression of the endogenous control GAPDH. The primer sequences were GRP78: 5′-ACC​TCC​AAC​CCC​GAG​AAC​A-3′ (forward), 5′-TTC​AAC​CAC​CTT​GAA​CGG​C-3′ (reverse); GAPDH:5′-AATTCCATGGCACCGTCAAG-3′ (forward), 5′-GGT​GAA​GAC​GCC​AGT​GGA​CT-3′ (reverse).
Enzyme-Linked Immunosorbent Assay
Bronchoalveolar lavage fluid (BALF) and serum samples were collected as described previously (Yao et al., 2016). All the samples were centrifuged and the supernatant was collected and stored at −80°C until further analysis. The HSP90α (Cloud-Clone, Buckingham, United Kingdom) ELISA kit was used according to the manufacturer’s instruction.
Preparation of Conditioned Media
The conditioned media was collected as previously described (Li et al., 2007) and then utilized to evaluate secretion of HSP90α.
Statistical Analysis
All the experiments were conducted at least in triplicate. The data were presented as the means ± SEM or means ± SD. Data were analyzed with the use of an unpaired t test for comparisons between two conditions or ANOVA with the Tukey post test to determine the differences among all groups. The data of in vivo experiments were analyzed with the one-way ANOVA. The significance level was set at p < 0.05. Statistical analysis was performed using GraphPad Prism software (GraphPad Software, United States).
RESULTS
Extracellular HSP90α Promotes Lung Fibroblasts Activation But Have No Influence on Proliferation
Pulmonary fibrosis is characterized by the proliferation and differentiation of lung fibroblasts (Penke et al., 2018). To evaluate the role of eHSP90α in the pulmonary fibrosis, the effect of eHSP90α on fibroblasts proliferation and differentiation was measured first. Lung fibroblasts were treated with different concentrations of eHSP90α for the indicated times. Proliferation ability was determined by the CCK8 assay. As shown in Figure 1A, there was no significant difference between the rHSP90α-treated and untreated groups. In addition, the EdU assay was performed, and the EdU-positive cells in the rHSP90α-treated groups showed no obvious differences in comparison with the control group (Figure 1B). The differentiation of fibroblasts to myofibroblasts is accompanied by an increase in α-SMA and collagen I expression and migration (Chen et al., 2019). Next, to test the expression of eHSP90α on myofibroblast markers, lung fibroblasts were treated with different concentrations of rHSP90α for 24 h and evaluated by immunofluorescence staining. The results showed that α-SMA and collagen I expression increased in a concentration-dependent manner in comparison with the control group (Figures 1C,D). Next, to investigate whether eHSP90α affects lung fibroblast migration, a wound-healing assay was performed. As shown in Figure 1E, rHSP90α significantly promoted the migration of lung fibroblasts. Consistently, western blotting analysis confirmed that the expression of α-SMA and collagen I increased with increasing concentrations of eHSP90α (Figure 1F). Taken together, these results showed that eHSP90α could activate lung fibroblasts but had no obvious influence on proliferation.
[image: Figure 1]FIGURE 1 | Extracellular HSP90α promotes lung fibroblasts activation but has no influence on proliferation. (A). Cell proliferation was assessed via the CCK8 assay after stimulation with 0, 3, 10 and 30 ug/ml rHSP90α for indicated times (24 and 48 h) in the IMR90 cells. (B). Proliferative capacity was analyzed using an EdU assay after treatment with 0, 3, 10 and 30 ug/ml rHSP90α in the IMR90 cells for 24 h. Lung fibroblasts activation was assessed by immunofluorescence staining for α-SMA and CollagenI (C,D), representative staining images of α-SMA–positive stress fibers (green), CollagenI-positive collagen deposition (green) and DAPI (blue) showing nuclei under confocal laser scanning microscopy (scale bar = 50 μm). (E). Fibroblasts migration were performed by wound-healing assays. (F). The protein expression of CollagenI and α-SMA were determined by western blot after stimulation of different concentrations of rHSP90α for 24 h, β-actin was used as an internal control. ns = no significance, *p < 0.05, **p < 0.01.
Extracellular HSP90α Induces ER Stress in Lung Fibroblasts
To further explore the potential mechanisms by which eHSP90α promotes fibroblast activation, RNA-seq was performed in lung fibroblasts with or without rHSP90α treatment (Figure 2A). According to the cut-off criteria of p < 0.05 and |log2FC|>1.0, 4905 dysregulated genes were identified (Figure 2B). KEGG pathway enrichment analysis showed that these genes were principally categorized into regulation of protein processing in the ER, focal adhesion, and PI3K-AKT pathway. To validate ER activity in rHSP90α-treated fibroblasts, ER-Tracker staining was performed. As shown in Figure 2D, treatment of lung fibroblasts with rHSP90α for 24 h significantly increased the ER-Tracker staining intensity. In addition, we stimulated lung fibroblasts with different concentrations of rHSP90α for 24 h and found that the ER stress markers GRP78, ATF6, IRE1α upregulated effectively (Figures 2E,F). These data suggested that eHSP90α could induce the ER stress in the lung fibroblasts.
[image: Figure 2]FIGURE 2 | Extracellular HSP90α induces ER Stress in lung fibroblasts. (A). Schematic diagram of RNA-seq with or without rHSP90α treatment. (B). Volcano plot displays the overall genes identified with a p < 0.05 and |log2FC|>1.0 a cutoff. (C). KEGG pathway analysis of pathway enrichment. The vertical axis represents the pathway category and the horizontal axis represents the enrichment score [−log (p-value)] of the pathway. Significantly enriched KEGG pathways (p < 0.05) are presented. The data were analyzed by DAVID bioinformatics tools. (D). Endoplasmic reticulum (ER) activity was assessed by immunofluorescence staining ER-Tracker. Representative staining images of ER-positive cells and DAPI (blue) showing nuclei under confocal laser scanning microscopy (scale bar = 50 μm). (E,F). Western blot analysis of expression of ATF6, IRE1α and GRP78 after different concentrations of rHSP90α treatment for 24 h, β-actin was used as an internal control. *p < 0.05, **p < 0.01.
ER Stress Mediated Lung Fibroblasts Activation in Pulmonary Fibrosis
To determine whether ER stress is involved in lung fibroblast activation in pulmonary fibrosis, we established a mouse model of lung fibrosis induced by intratracheal instillation of bleomycin. TUDCA, an ER stress inhibitor, was intraperitoneally injected at 1 d intervals from Day 1 (Figure 3A). As expected, H&E and Masson staining revealed that TUDCA effectively ameliorated the distorted alveolar structure, thickened alveolar walls and collagen deposition induced by BLM (Figure 3B). In addition, IHC staining results showed that TUDCA significantly decreased the GRP78 expression, particularly in the α-SMA positive fibrotic foci (Figure 3C). Similarly, western blotting results showed that TUDCA downregulated BLM-stimulated α-SMA and GRP78 expression (Figures 3D,E). We used TGF-β1 to treat human lung fibroblasts as an in vitro model. As shown in Figures 3F,G, TGF-β1 treatment in lung fibroblasts increased the expression of the ER stress marker GRP78 and myofibroblast marker α-SMA, whereas the expression of these markers was attenuated by TUDCA treatment (100 μM). Taken together, these data suggest that ER stress plays a crucial role in lung fibroblast activation.
[image: Figure 3]FIGURE 3 | ER stress in the lung fibroblasts is critical for pulmonary fibrosis progression. (A). Experimental scheme of the mouse model of bleomycin-induced pulmonary fibrosis. Mice were intratracheally injected with saline or bleomycin (3 mg/kg) at day 0. On day 1, mice were administrated with TUDCA (50 mg/kg) or DMSO by intraperitoneal injection every 2 days. Mice were sacrificed on day 21 (n = 10 for each group). (B). Histological images and collagen deposition of the lung tissue was detected by H&E and Masson staining. Scale bar = 100 μm. (C). Representative images showing GRP78 and α-SMA staining of lung tissues of mice treated with saline, bleomycin without or with TUDCA. Scale bar = 100 μm. (D,E), Western blot analysis of expression of GRP78 and α -SMA. (F,G), IMR90 were pre-treated with TUDCA (100 μM) for 2 h and followed by TGF-β1 (10 ng/ml) for 24 h. The expression levels of GRP78 and α-SMA was measured by western blot. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
Extracellular HSP90α Activates Lung Fibroblasts via ER Stress
The above data showed that the most significant pathway enrichment between the untreated group and the rHSP90α-treated group was protein processing in the ER. Therefore, we speculated that eHSP90α activated fibroblasts and promoted fibrosis by inducing ER stress. To test this assumption, we first used ER-Tracker to detect the ER activity. As shown in Figure 4A, we found that TUDCA effectively abrogated the staining intensity of ER-Tracker, which was increased by eHSP90α. In addition, wound healing results showed that lung fibroblast migration was markedly increased by eHSP90α stimulation, while TUDCA alleviated this effect (Figure 4B). We further used immunofluorescence staining to examine α-SMA and collagen I expression and observed lower α-SMA positive cells and less collagen deposition in the rHSP90α+TUDCA group than in the rHSP90α group (Figures 4C,D). Consistent with these observations, western blotting analysis indicated that TUDCA significantly reduced rHSP90α-induced α-SMA and collagen І expression (Figures 4E,F). Taken together, these results suggest that eHSP90α promotes lung fibroblast differentiation by activating ER stress.
[image: Figure 4]FIGURE 4 | Extracellular HSP90α activates lung fibroblasts via ER Stress. (A). Representative images showing ER-Tracker staining of IMR90 cells pre-treated with or without TUDCA (100 μM) and followed by rHSP90α for 24 h, scale bar = 50 μm. (B). Cell migration was examined in IMR90 cells by a wound healing assay. (C,D). Representative images showing immunofluorescence staining of α-SMA and CollagenI in IMR90 cells. (E,F). Western blot analysis of the expression of CollagenI, GRP78 and α-SMA. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
Knockdown of GRP78 Abrogates Lung Fibroblast Activation Induced by eHSP90α
GRP78 is a crucial modulator of the ER that responds to UPR and maintains cellular homeostasis, contributing to proliferation and differentiation (Aran et al., 2018; van Lidth et al., 2018; Du T et al., 2019; Merkel et al., 2019). Thus, we hypothesized that eHSP90α induces ER stress to further activate fibroblasts by upregulating GRP78 expression. To confirm our assumption, we designed three siRNAs and transfected them into lung fibroblasts to knock down GRP78. The interference efficiency was verified using western blotting and qRT-PCR. As shown in Figure 5A,C, the results revealed that the relative level of GRP78 was significantly decreased by the siRNAs. Thus, si-3 was selected as the target siRNA for GRP78. Next, GRP78 was knocked down in lung fibroblasts with siRNA, followed by rHSP90α stimulation. As shown in Figure 5D, GRP78 depletion markedly abrogated the effects of eHSP90α on cell migration. In addition, knockdown GRP78 significantly reduced α-SMA staining intensity and collagen deposition induced by eHSP90α in fibroblasts (Figures 5E,F). Consistent with the immunofluorescence staining results, the protein expression of α-SMA and collagen I upregulated by eHSP90α was effectively attenuated by depletion of GRP78 (Figures 5G,H). These data strongly suggest that GRP78 is essential for eHSP90α-induced lung fibroblast activation and ECM production.
[image: Figure 5]FIGURE 5 | GRP78 is essential for lung fibroblast activation induced by eHSP90α. IMR90 cells were transfected with siGRP78 or siNC and the efficiency was assessed by western blot (A,B) and qPCR (C). Cell migration was examined in IMR90 cells by a wound healing assay (D). Lung fibroblasts activation was assessed by immunofluorescence staining for α-SMA and CollagenI (E,F), representative staining images of α-SMA–positive stress fibers (green), CollagenI-positive collagen deposition (green) and DAPI (blue) showing nuclei under confocal laser scanning microscopy (scale bar = 50 μm). (G,H). The expression of CollagenI and α-SMA were measured by western blot. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
The Monoclonal Antibody 1G6-D7 Attenuates Pulmonary Fibrosis by Decreasing ER Stress in vitro and in vivo
1G6-D7, a selective anti-HSP90α monoclonal antibody, was previously reported to attenuate pulmonary fibrosis by inhibiting the MAPK signaling pathway (Dong et al., 2017). However, whether 1G6-D7 abrogated the ER stress and fibroblast activation induced by eHSP90α remains unclear. First, lung fibroblasts were pre-treated with 1G6-D7 and followed by rHSP90α for 24h, and ER-Tracker staining was used to examine the role of 1G6-D7 on ER activity. As shown in Figure 6A, 1G6-D7 significantly decreased the staining intensity induced by rHSP90α. Next, a wound-healing assay was performed to detect the effect of 1G6-D7 on the migration of lung fibroblasts. As shown in Figure 6B, 1G6-D7 remarkably inhibited the migration stimulated by rHSP90α. We further found that treatment with 1G6-D7 inhibited the effects of fibroblast activation by preventing α-SMA and collagen upregulation (Figures 6C,D). Consistently, western blot results showed that 1G6-D7 effectively downregulated the expression of GRP78, collagen I and α-SMA induced by rHSP90α. In vivo, we established prophylactical and therapeutical models to confirm the effect of 1G6-D7 on BLM-induced pulmonary fibrosis (Figure 7A). As shown in Figure 7B, IHC was performed to examine GRP78 and α-SMA in the cortical model. We observed that 1G6-D7 significantly decreased the GRP78 expression, particularly in the α-SMA positive fibrotic foci. In the therapeutical model, blocking HSP90α with 1G6-D7 similarly decreased the GRP78 and α-SMA expression through IHC (Figure 7C). Western blotting results showed that 1G6-D7 downregulated the expression of GRP78 and α-SMA induced by BLM in the prevention model (Figures 7D,E). Consistently, we found that 1G6-D7 also significantly inhibited the upregulation of GRP78 and α-SMA upon the BLM treatment in the treatment model (Figures 7F,G). These results demonstrates that 1G6-D7 attenuates the pulmonary fibrosis by inhibiting ER stress and that 1G6-D7 might be a potential therapeutic agent for pulmonary fibrosis patients.
[image: Figure 6]FIGURE 6 | Monoclonal antibody 1G6-D7 inhibits ER stress induced by eHSP90α in vitro. (A). Representative images showing ER-Tracker staining of IMR90 cells pre-treated with or without 1G6-D7 (10 μg/ml) and followed by rHSP90α for 24 h, scale bar = 50 μm. (B) Cell migration was examined in IMR90 cells by a wound healing assay. (C,D). Representative images showing immunofluorescence staining of α -SMA and CollagenI in IMR90 cells. (E,F). Western blot analysis of the expression of CollagenI, GRP78 and α-SMA. β-actin was used as an internal control. *p < 0.05, **p < 0.01.
[image: Figure 7]FIGURE 7 | Monoclonal antibody 1G6-D7 inhibits ER stress in the bleomycin-induced pulmonary fibrosis model. (A). Schematic diagram of mouse model establishment (n = 10 for each group). (B). Representative images showing GRP78 and α-SMA staining of lung tissues of mice in the prophylactical model. Scale bar = 100 μm. (C). Representative images showing GRP78 and α-SMA staining of lung tissues of mice in the therapeutical model. Scale bar = 100 μm. Western blot analysis of the expression of GRP78 and α-SMA in the prophylactical model (D,E) and therapeutical model (F,G). β-actin was used as an internal control. *p < 0.05, **p < 0.01.
Extracellular HSP90α Facilitates ER Stress Through the PI3K/AKT Pathway
Several studies have revealed that the PI3K/AKT signaling pathway is involved in regulating ER stress (Hsu et al., 2017). However, whether eHSP90α induces ER stress through PI3K/AKT signaling pathway has not been clarified. Based on the KEGG pathway enrichment analysis, PI3K/AKT signaling pathway was found to be significantly enriched among differentially expressed genes between the rHSP90α-treated group and the untreated group. We first examined the phosphorylation of AKT in vivo by using western blot. As shown in Figures 8A,B, phosphorylation of AKT were upregulated by BLM, but was significantly attenuated by the monoclonal antibody 1G6-D7 in the prevention model. In the treatment model, 1G6-D7 effectively reduced the phosphorylation of AKT (Figures 8C,D). In addition, immunofluorescence staining results showed that the PI3K/AKT inhibitor (LY294002) largely abolished the effect of rHSP90α on increasing the α-SMA and collagen I expression (Figures 8E,F). We further examined the effect of LY294002 on ER stress and fibroblast activation induced by rHSP90α. As shown in Figures 8G,H, pre-treatment with LY294002 effectively reduced the ER stress marker GRP78 and the increased phosphorylation of Akt induced by rHSP90α. Western blotting analysis also showed that pre-treatment with LY294002 significantly downregulated the expression of α-SMA and collagen I following treatment with rHSP90α. Collectively, these data suggest that eHSP90α induces ER stress, promotes fibroblast activation via the PI3K/AKT pathway, and inhibited PI3K/AKT, with LY294002 significantly attenuates the ER stress and fibroblasts activation induced by eHSP90α.
[image: Figure 8]FIGURE 8 | PI3K/AKT signaling pathway is involved in ER stress induced by eHSP90α. The expression of p-AKTSer473 and p-AKTThr308 was measured by western blot in the prophylactical model (A,B) and in the therapeutical model (C,D). Immunofluorescence staining showed that α -SMA and CollagenI in IMR90 cells pre-treated with or without LY294002 (10 μM) followed by rHSP90α stimuli (E,F). Scale bar = 50 μm. (G,H). Western blot analysis of the expression of CollagenI, GRP78, α-SMA, p-AKTSer473, p-AKTThr308 and AKT. β-actin was used as an internal control. *p < 0.05, **p < 0.01, ***p < 0.001.
ER Stress Inhibitor TUDCA Suppress Extracellular HSP90α Secretion
Some studies have reported that ER stress could regulate cellular homeostasis and stimulate extracellular vesicle secretion, and eHSP90α was also reported to be secreted through exosomes (Kakazu et al., 2016a; Guo et al., 2017; Zhang et al., 2017; Liu et al., 2019). In addition, previous studies demonstrated that TGF-β1 or BLM increased the secretion of eHSP90α in a pulmonary fibrosis model (Dong et al., 2017). Therefore, we hypothesized that eHSP90α secretion may respond to ER stress in pulmonary fibrosis. We first detected the expression of HSP90α by using IHC. As shown in Figure 9A, BLM significantly increased the expression of HSP90α and was abrogated by TUDCA. Similarly, western blotting results showed that TUDCA markedly decreased the BLM-induced expression of HSP90α (Figures 9B,C). Furthermore, eHSP90α levels were examined using ELISA, and TUDCA was found to effectively decrease BLM-induced eHSP90α content in both BALF and serum (Figures 9D,E). Moreover, to elucidate whether TUDCA can inhibit eHSP90α secretion in vitro, we pre-treated the lung fibroblasts with TUDCA, followed by TGF-β1. As shown in Figures 9F,G, cellular HSP90α expression was not significantly different between the TGF-β1 and the TUDCA + TGF-β1 groups. However, we were surprised to find that TUDCA remarkably inhibited the secretion of eHSP90α (Figure 9H). These results suggest that eHSP90α secretion is associated with ER stress, and that inhibition of ER stress by TUDCA can effectively reduce eHSP90α in the pulmonary fibrosis.
[image: Figure 9]FIGURE 9 | TUDCA significantly decreased the extracellular HSP90α secretion. (A). Representative images showing HSP90α staining of lung tissues of mice. Scale bar = 100 μm. (B,C). The expression of HSP90α was assessed by western blot. The content of HSP90α in BALF (D) and in serum (E) samples in the mice were measured by ELISA (n = 5 for each group). (F,G). Western blot analysis of the expression of HSP90α in IMR90 cells pre-treated with TUDCA (100 μM) followed by TGF-β1 stimuli. β-actin was used as an internal control. (H). Secretion of HSP90α in IMR90 cells pre-treated with TUDCA followed by TGF-β1 treatment was detected by western blot. ns = no significance, *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
Pulmonary fibrosis is mainly characterized by alveolar injury, fibroblast activation, proliferation, and ECM accumulation. Fibroblasts/myofibroblasts play an essential role in the progression of pulmonary fibrosis. As a member of the heat shock protein family, the role of HSP90α in cancer progression, fibrosis, and diabetes has been widely investigated (Cheng et al., 2011; Bonniaud et al., 2018; Zhou et al., 2019). The main function of HSP90α is to regulate cell proliferation, differentiation, and epithelial mesenchymal transition (As et al., 2004). Notably, HSP90α can be secreted into the extracellular space to exert its function by interacting with LDL Receptor–Related Protein 1 (LRP-1) (Chen et al., 2010). We previously reported that eHSP90α promotes pulmonary fibrosis by activating the MAPK signaling pathway (Dong et al., 2017). In addition, Bellaye et al. also found that eHSP90α was strongly associated with disease severity in pulmonary fibrosis and promoted pulmonary fibrosis via LRP-1 (Bellaye et al., 2018). Thus, eHSP90α may play a crucial role in pulmonary fibrosis. Our study aimed to explore the molecular mechanisms underlying the effects of eHSP90α in pulmonary fibrosis. In this study, we demonstrated that eHSP90α promoted fibroblast activation by inducing ER stress via the PI3K/AKT signaling pathway. We also examined the relationship between eHSP90α secretion and ER stress and observed that eHSP90α secretion could be regulated by ER stress (Figure 10).
[image: Figure 10]FIGURE 10 | Schematic diagram of the molecular mechanisms underlying the extracellular HSP90αinteracts with ER stress to promote fibroblasts activation through PI3K/AKT pathway in pulmonary fibrosis.
ER stress can be induced by several pathological stimuli, including glucose starvation, hypoxia and oxidative stress (Yoshida, 2007; Cao and Kaufman, 2014). Emerging evidence has demonstrated that ER stress can regulate cell differentiation, including the differentiation of lung fibroblasts (Matsuzaki et al., 2015; Tanimura et al., 2018; Peñaranda-Fajardo et al., 2019). However, whether ER stress is involved in the effect of eHSP90α on pulmonary fibrosis has not been fully clarified. In this study, we found that the expression of ER stress-related proteins GRP78, IRE1α and ATF6 was significantly higher in rHSP90α-treated IMR90 cells compared to untreated IMR90 cells. GRP78 is a key modulator that assists in the correct folding of newly synthesized proteins. Our results showed that GRP78 was upregulated in activated fibroblasts both in vitro or in vivo. Depletion of GRP78 strikingly inhibited eHSP90α-induced fibroblast differentiation and ECM deposition. Consistently, a recent study confirmed that cigarette smoke extract could promote human lung myofibroblast differentiation through GRP78 upregulation (Song et al., 2019a).Interestingly, GRP78 was contradictorily downregulated in the type II alveolar epithelial cells of patients with IPF (Borok et al., 2020). By combining these two results, we speculated that GRP78 might play distinct roles in different cells, and we would attempt to explore its mechanism. Furthermore, inhibiting ER stress with TUDCA remarkedly attenuated fibroblast activation and pulmonary fibrosis progression in vitro and in vivo. These findings elucidated the mechanism by which eHSP90α contributes to the development of pulmonary fibrosis by inducing ER stress in lung fibroblasts.
HSP90 inhibitors have been reported to be potential treatments for multiple cancers and pulmonary fibrosis (Trepel et al., 2010; Colunga et al., 2020). However, almost all the clinical trials have failed because of the pan-inhibitory activity of HSP90 inhibitors (Sanchez et al., 2020). Therefore, a selectively HSP90α-inhibiting agent is more suitable for pulmonary fibrosis treatment. We previously utilized monoclonal antibody 1G6-D7 to antagonize HSP90α to evaluate the effect of eHSP90α on pulmonary fibrosis in a prophylactical model. Although we observed that 1G6-D7 could protect against BLM-induced pulmonary fibrosis, whether 1G6-D7 played a similar role in the therapeutical model was not fully understood. In this study, we confirmed that administration of 1G6-D7 from Day7 to Day 21 after intratracheal BLM injection also effectively attenuated pulmonary fibrosis. We further demonstrated that 1G6-D7 decreased the expression of ER stress marker GRP78 in our model both prophylactically and therapeutically. Consistently, the effect of extracellular HSP90α on lung fibroblasts could be hampered by 1G6-D7 in vitro. Our findings suggest that antagonism with 1G6-D7 might have a potential antifibrotic effect on pulmonary fibrosis through inhibiting ER stress.
The PI3K/AKT pathway is the most commonly signaling pathway in pulmonary diseases, including pulmonary fibrosis (Hsu et al., 2017; Wang et al., 2018; Shi et al., 2019; Wan et al., 2019). Several studies have suggested that the PI3K/AKT signaling pathway is particularly important in mediating ER stress in various diseases (Hsu et al., 2017; Song et al., 2019b; Wang et al., 2020). However, the mechanisms of the PI3K/AKT signaling pathway underlying the effect of eHSP90α on pulmonary fibrosis remain poorly understood. Our RNA-seq data showed that treatment of lung fibroblasts with rHSP90α activated the PI3K/AKT signaling pathway in comparison with the untreated group. Notably, by using a selective PI3K/AKT inhibitor (LY294002), we verified that the PI3K/AKT signaling pathway is essential for eHSP90α-induced fibroblast activation and ER stress. Similarly, a recent study indicated that ultrafine silicon dioxide nanoparticle could cause lung epithelial cells ER stress via the PI3K/AKT signaling pathway. Treatment with the ROS inhibitor N-acetyl-l-cysteine (NAC) and LY294002 reversed the signals induced by ultrafine silicon dioxide nanoparticle (Lee et al., 2020). Collectively, these findings suggest that eHSP90α activates ER stress and fibroblasts via the PI3K/AKT signaling pathway.
Some studies have demonstrated that ER stress could stimulate extracellular vesicle secretion to further promote cancer immune escape and inflammation (Dasgupta et al., 2020; Yao et al., 2020). We previously observed that eHSP90α secretion was increased whether in the lung fibroblasts stimulated by TGF-β1 or BALF/serum induced by BLM (Dong et al., 2017). TGF-β1 has been to induce ER stress in lung fibroblasts (Hsu et al., 2017). Thus, we speculated that the eHSP90α production might be regulated by ER stress. In our study, we discovered that treatment with TUDCA significantly decreased HSP90α levels in the BALF and serum. Intriguingly, TUDCA did not alter HSP90α expression at the intracellular level, but markedly reduced the eHSP90α content. Thus, these findings suggest that eHSP90α production is involved in ER stress in the pulmonary fibrosis.
However, one of the limitations of this study is that we were unable to demonstrate that the direct molecular mechanism by which ER stress regulates the eHSP90α secretion in pulmonary fibrosis. Several studies reported that exosome induced by ER stress was highly associated with IRE1α (Kakazu et al., 2016b; Hosoi et al., 2018; Xu et al., 2019). Future research will focus on whether eHSP90α secretion is IRE1α-dependent. This future direction may be important to better understand how eHSP90α regulates pulmonary fibrosis.
In summary, the present study demonstrated that eHSP90α promoted lung fibroblast activation in the pulmonary fibrosis by inducing ER stress in vitro and in vivo. The role of eHSP90α in ER stress is, at least partially, mediated by activation of the PI3K/Akt signaling pathway. The production of eHSP90α in the pulmonary fibrosis is mediated by ER stress activation. These observations strengthen our notion that eHSP90α interacts with ER stress to promote lung fibroblast activation in pulmonary fibrosis and provide a potential therapeutic strategy for pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF) is a fatal disease in which the normal alveolar network is gradually replaced by fibrotic scars. Current evidence suggests that metabolic alterations correlate with myofibroblast activation in IPF. Anlotinib has been proposed to have antifibrotic effects, but the efficacy and mechanisms of anlotinib against lung fibrosis have not been systematically evaluated. The antifibrotic effects of anlotinib were evaluated in bleomycin-induced mouse models and transforming growth factor-beta 1 (TGF-β1)-stimulated lung fibroblasts. We measured lactate levels, 2-NBDG glucose uptake and the extracellular acidification rate (ECAR) to assess glycolysis in fibroblasts. RNA-protein coimmunoprecipitation (RIP) and polysome analyses were performed to investigate novel mechanisms of glycolytic reprogramming in pulmonary fibrosis. We found that anlotinib diminished myofibroblast activation and inhibited the augmentation of glycolysis. Moreover, we show that PCBP3 posttranscriptionally increases PFKFB3 expression by promoting its translation during myofibroblast activation, thus promoting glycolysis in myofibroblasts. Regarding mechanism, anlotinib exerts potent antifibrotic effects by downregulating PCBP3, reducing PFKFB3 translation and inhibiting glycolysis in myofibroblasts. Furthermore, we observed that anlotinib had preventative and therapeutic antifibrotic effects on bleomycin-induced pulmonary fibrosis. Therefore, we identify PCBP3 as a protein involved in the regulation of glycolysis reprogramming and lung fibrogenesis and propose it as a therapeutic target for pulmonary fibrosis. Our data suggest that anlotinib has antifibrotic effects on the lungs, and we provide a novel mechanism for this effect. Anlotinib may constitute a novel and potent candidate for the treatment of pulmonary fibrosis.
Keywords: pulmonary fibrosis, anlotinib, glycolysis, PFKFB3, PCBP3
INTRODUCTION
Fibrosis can develop in most organs and cause organ failure. The most common type of lung fibrosis is idiopathic pulmonary fibrosis (IPF), which is highly prevalent and associated with a dramatically increased disease burden worldwide (Wynn and Ramalingam, 2012; Hutchinson et al., 2015). Overall, the development of new therapeutics should be pursued. Currently, only pirfenidone and nintedanib have been approved as therapeutics for IPF (Taniguchi et al., 2010; Sato et al., 2017), and as both drugs have limited efficacy (Spagnolo and Maher, 2017), there is an urgent need to identify new potential therapeutic agents for IPF patients.
Upon chronic microinjury to the alveolar epithelium, fibroblast activation and transdifferentiation into myofibroblasts are among the first responses detectable at the site of damage (Plantier et al., 2018). Myofibroblasts are characterized by de novo expression of α-smooth muscle actin (α-SMA), the formation of stress fibers, and enhanced abilities to proliferate, migrate, and produce extracellular matrix (ECM) (Hinz, 2012; Hinz et al., 2012; Liu et al., 2021). These cells drive a wound-healing response that relies on the deposition of collagen-rich ECM and activates transforming growth factor-beta 1 (TGF-β1) signaling (Kenyon et al., 2003; Sapudom et al., 2015; Nigdelioglu et al., 2016). This transient response must be tightly controlled, otherwise it can become persistent and lead to excessive matrix accumulation and fibrosis. Understanding the molecular bases of fibroblast activation is therefore essential in identifying novel and efficient antifibrotic therapeutic targets to reduce the incidence, morbidity and mortality of people suffering from clinically refractory disorders, including IPF.
Metabolic perturbation is implicated in the pathogenesis of several kinds of tissue fibrosis (DeBerardinis and Thompson, 2012; Chen et al., 2018), including pulmonary fibrosis (Para et al., 2019; Bueno et al., 2020). To cope with the high energy demands of myofibroblasts, including increases in proliferation and matrix production, it is reasonable that activated myofibroblasts exhibit augmented aerobic glycolysis to meet additional bioenergetic and biosynthetic demands, even in oxygen-rich conditions, similar to observations in many cancer cells and other nonmalignant proliferating cells. A major driver of glycolysis is 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3), which produces fructose-2,6-bisphosphate (F2,6BP), the most potent allosteric activator of the glycolytic rate-limiting enzyme phosphofructokinase-1 (PFK1) (Van Schaftingen et al., 1982; Cao et al., 2019). Previous studies have shown that augmentation of aerobic glycolysis is an essential step during myofibroblast activation (Para et al., 2019). Ramping down glycolysis is effective in diminishing myofibroblast activation, thus limiting lung fibrosis. However, metabolism-based therapeutics for treating fibrotic disorders are still lacking.
Anlotinib (AL3818) hydrochloride is a novel multitargeted tyrosine kinase inhibitor (TKI) that targets the receptor tyrosine kinases vascular endothelial growth factor receptor (VEGFR) 1 thru 3, epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR) 1 thru 4, platelet-derived growth factor receptor (PDGFR) α and β, and stem cell factor receptor (Sun et al., 2016; Xie et al., 2018). Many studies have reported the therapeutic effects of anlotinib in several diseases, such as nonsmall cell lung cancer (Liang et al., 2019), endometrial cancers (Taurin et al., 2018) and osteosarcoma (Liang et al., 2019). Interestingly, the targets of anlotinib are similar to those of nintedanib, a drug that has been approved for the treatment of IPF. A recent report suggested that intraperitoneal administration of anlotinib attenuates bleomycin-induced lung fibrosis in mice by suppressing the TGF-β signaling pathway (Ruan et al., 2020). Nevertheless, the mechanism by which anlotinib resolves lung fibrosis and whether anlotinib may be therapeutically used to improve lung function are not well understood.
In the current study, we analyzed the antifibrotic effect of anlotinib on TGF-β1-induced fibroblast transdifferentiation and bleomycin-induced pulmonary fibrosis. Our data suggest that anlotinib therapy decreases fibrotic markers in vitro and in vivo. The antifibrotic effect of anlotinib is associated with inhibition of PFKFB3-dependent glycolysis, which is posttranscriptionally regulated by the RNA binding protein PCBP3. These findings provide a theoretical basis for the clinical development and application of anlotinib for the treatment of pulmonary fibrosis.
MATERIALS AND METHODS
Isolation of Primary Mouse Fibroblast Cultures
Normal mouse primary fibroblasts were generated by culturing the lungs of C57BL/6 as previously described (Meng et al., 2014). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States) supplemented with 15% fetal bovine serum (FBS, PAN, German). The cells were cultured at 37°C in 5% CO2 and 95% humidity. Unless specifically noted, all experiments were performed with cells at passage 3.
Cell Lines
Human lung fibroblast line IMR90 was purchased from American Type Culture Collection (Manassas, VA). IMR90 were maintained in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 g/ml streptomycin in 5% CO2 and 95% humidity at 37°C.
Western Blotting
Cells or dissected mouse lung tissue samples were lysed in ice-cold RIPA lysis buffer with protease inhibitors. Protein concentrations were determined using a BCA Protein Quantitative Analysis Kit (Fudebio-tech) after which protein samples were separated by 8–12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were then incubated at room temperature for 1 h in TBST containing 5% BSA. After blocking, the membranes were incubated with primary antibodies for 24 h at 4°C.The following primary antibodies were used: anti-Fibronectin (Abcam, ab268020); anti-Collagen I (affinity, AF7001); anti-alpha smooth muscle (Abcam, ab5694); anti-PFKFB3 (Abcam, ab181861); anti-Beta actin (proteintech, 66009-1-Ig); anti-Hexokinase 2 (proteintech, 22029-1-AP); anti-PKM2 (Proteintech, 15822-1-AP); anti-LDHA (Proteintech, 19987-1-AP); anti-LDHB (Proteintech, 14824-1-AP); and anti-PCBP3 (Abcam, ab154252). Then, the membranes were washed three times with TBST and incubated with donkey anti-rabbit IgG H&L (Abcam, ab175772) for 1 h at room temperature. The membranes were developed using the ECL method according to the manufacturer’s instructions (Millipore) and detected on a GeneGnome XRQ chemiluminescence imaging system (Syngene). ImageJ was used to calculate the relative density of proteins.
Immunofluorescence Staining
The culture medium was washed away with PBS. The cultured cells were fixed with 4% paraformaldehyde for 30 min. Then, the samples were permeabilized with 0.5% Triton X-100 in PBS for 10 min, blocked with 1% BSA in PBS for 1 h at room temperature, and incubated with primary antibodies at 4°C overnight. The primary antibodies included anti- Fibronectin (Abcam, ab268020), anti-alpha smooth muscle (Abcam, ab5694) and anti-PCBP3 (Abcam, ab154252). Then, the cells were washed three times with PBS and incubated with goat anti-rabbit IgG/Alexa Fluor 555-conjugated secondary antibodies (Biosynthesis, bs-0296GA488 and bs-0295G-AF555) for 1 h at room temperature followed by 10 min of DAPI (4’,6-diamidino-2-phenylindole dihydrochloride) staining to visualize cell nuclei visualization as previously described (Chen et al., 2021).
Quantitative RT-PCR (qPCR)
Total RNA was isolated from primary mouse lung fibroblasts using RNA MiniPrep Kits (Zymo Research, R2050). Reverse transcription reactions were performed with a PrimeScriptTM II 1st strand cDNA synthesis Kit (Takara, 6210A/B) according to the manufacturer’s recommendations. qPCR analysis was performed using a HiScript RT- SuperMix for qPCR kit (Vazyme, R223-01) with a CFX96 Touch Real-Time PCR Detection System. The mRNA levels of target genes were normalized to the β-actin mRNA level. Primers used for qPCR are listed in (Table 1).
TABLE 1 | List of primer sequences used in this study.
[image: Table 1]Wound-Healing Migration Assay
Cells were seeded in six-well plates and grown until they reach 100% confluence. A “wound” was subsequently created with a sterile 100 μL pipette tip. The cells were pretreated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for an additional 24 h. After 24 h, the cells were fixed with 4% paraformaldehyde, and images were obtained using a fluorescence microscope. Wound area can be calculated by manually tracing the cell-free area in captured images using the ImageJ public domain software (NIH, Bethesda, MD).
Cell Proliferation Assay
Cell proliferation was determined by the CCK-8 Kit (Dojindo Laboratories) according to the manufacturer’s instructions. Briefly, 10 μL of CCK-8 solution was added to cultured cells in each well, followed by incubation at 37°C for 1 h. The OD values were measured at 450 nm using a microplate reader. EdU staining was conducted using the BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime, Cat. No: C00788L). Cells were washed with PBS. Fresh DMEM was added, and then, 10 µM EdU was added into the medium. The cells were incubated for 2 h at 37°C/5% CO2. After the incubation, the cells were washed with PBS to remove the DMEM and the free EdU probe. The cells were then fixed in 4% paraformaldehyde at room temperature for 30 min before being stained with DAPI for 3 min. After an additional wash in PBS, the cells were observed under Nikon ECLIPSE TS100 (Japan).
Glucose Uptake Assay
Primary mouse lung fibroblasts were pretreated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for an additional 24 h. Then, the four types of cells were detached and transferred to a 96-well plate in fresh growth medium at a density of 10,000 cells per well for the direct 2-NBDG glucose uptake assay. The cells were rinsed twice with PBS. Glucose uptake was initiated by the addition of 100 μM 2-NBDG to each well. After 30 min, the medium was removed. The plates were then rinsed with PBS, and the fluorescence was measured at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
Intracellular and Extracellular Lactate Analysis
To measure lactate production, cells were treated as described for the glucose uptake assay. One hundred thousand cells were then plated into a 12-well plate and incubated in DMEM containing 10% FBS for 10 h. To measure the secretion of lactate, the media were removed, and the cells were incubated in FBS-free DMEM. After incubation for 1 h, the supernatant was collected to measure lactate production (Biovision). The reaction mixture was incubated for 30 min at room temperature in the dark. The lactate levels were measured at 450 nm in a microplate reader and normalized to the protein concentrations. To measure the lactate levels in mouse lung tissue, 10 mg of lung tissues was isolated and homogenized in assay buffer (Biovision). The samples were centrifuged, and the soluble fractions were measured and normalized to the protein concentrations.
Extracellular Acidification Rate
The extracellular acidification rate (ECAR) was measured using the Agilent Seahorse XFp Extracellular Flux Analyzer (Seahorse Bioscience). Experiments were performed according to the manufacturer’s instructions. ECAR were measured using Seahorse XF Glycolysis Stress Test Kit (Agilent Technologies). Briefly, cells were transfected or infected as in glucose uptake assay. The transfected cells were harvested and the cell number was counted. After baseline measurements, glucose, the oxidative phosphorylation inhibitor oligomycin, and the glycolytic inhibitor 2-DG were sequentially injected into each well at the indicated time points. Data were analysed by Seahorse XFp Wave software. ECAR is reported in mpH/minute. The cells in each well were digested by trypsin digestion (Gibco, United States), and count cell numbers by cell counting chamber. The results were normalized to normalized to cell number in each well.
RNA Immunoprecipitation (RIP)
Cells were rinsed twice with ice-cold PBS and lysed with an equal pellet volume of RIPA-2 buffer. Protein-A Dynabeads (Invitrogen) were incubated with either mouse IgG or FLAG antibody (Abcam, ab205606). Beads coated in antibody were resuspended in NT2 buffer. Thawed and clarified lysates were added and the bead/antibody/lysate mixture was incubated at 4°C overnight rotating end-over-end. Beads were washed with cold NT2 buffer five times. Proteinase K treatment released RNAs from bound proteins and input and bound RNA was isolated with TRIzol (Invitrogen) and reverse transcribed as described above.
Polysome Analysis
Cells were transfected with empty vector or Flag-PCBP3 and incubated with 100 g/ml cycloheximide for 10 min and lysed with polysome extraction buffer containing 20 mM Tris–HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2 and 0.5% NP-40 as previously described (Kim et al., 2015). Cytoplasmic lysates were fractionated by ultracentrifugation through 10–50% linear sucrose gradients and divided into 12 fractions. The total RNA in each fraction was extracted and analyzed by quantitative RT-PCR analysis.
Overexpression Experiments and RNA Interference
The Plasmid vector encoding PCBP3 and the empty vector were purchased from Hanbio (Shanghai, China). Primary mouse lung fibroblasts were cultured in six well plates (105 cells/well) and added with 2.5 μg of target plasmid per well. After 12 h, the transfection medium was changed to normal medium. Effects of overexpression on mRNA and protein levels were examined 36 h later. The siRNA targeting mouse PFKFB3 (PFKFB3 siRNA: 5′- CCU​CUU​GAC​CCU​GAU​AAA​UTT-3′) were synthesized by Genepharma Co. (Shanghai, China). Primary mouse lung fibroblasts were cultured in six well plates (105 cells/well) and transfected using Lipofectamine 3,000 (Invitrogen, CA) with PFKFB3 siRNA or negative control siRNA (NC siRNA) for 48 h following the manufacturer’s instructions.
Animal Experiments
All experiments were conducted in accordance with protocols approved by the Southern Medical University Institutional Animal Care and Use Committee. Female mice (C57BL/6), 6–8 weeks of age, were purchased from Southern Medical University. The mice were kept on a 12 h light-dark cycle with free access to food and water. For bleomycin administration, the mice were anesthetized with 2, 2, 2-tribromoethanol (Sigma-Aldrich), followed by intratracheal instillation of BLM (5 U/kg, i. t.) in 50 μL phosphate-buffered saline (PBS) or equally volume PBS for 21 days. The mice were administered dimethyl sulfoxide (DMSO) (control group) or anlotinib (1 mg/kg, i. p.) once daily for 21 consecutive days. Further experiments were designed to measure the effects of delayed anlotinib administration. Anlotinib treatment was initiated 1 week after exposure to bleomycin, and the mice were administered with anlotinib (1 or 2 mg/kg/day) for 2 weeks, and the mice were sacrificed at day 21. The lungs were harvested for further analyses.
Pulmonary Function Test
At endpoint, at least 5 mice from each group were anesthetized with 2,2,2-tribromoethanol in saline, tracheotomized below the larynx, and intubated with a tracheal cannula. After the surgery, the mice were placed inside the plethysmographic chamber and the cannula was connected to the machine. Pulmonary function was measured by pulmonary function test system (BUXCO, United States). The system’s software automatically records and displays the pulmonary function parameters.
Hydroxyproline Assay
Lung collagen content was measured with a hydroxyproline (HYP) kit (Nanjing Jian Cheng Institute, Nanjing, China). The lung tissues were prepared for hydrolysis, adjusting the PH value to 6.0–6.8. Subsequently, the developing solution was added to the tissues that were incubated at 37°C for 5 min. Absorbance was read at 550 nm using a microplate reader. Data were expressed as micrograms (µg) of HYP per mg of wet lung tissue.
Materials
TGF-β1 were purchased from R&D Systems, Inc. (Minneapolis, MN, United States). Anlotinib dihydrochloride (AL3818, S8726) were purchased from Selleck (Houston, TX, United States).
Statistical Analysis
The results are expressed as the means ± standard deviation (SD). Multigroup comparisons were performed using one-way ANOVA. Student’s t-test was used for comparisons between two groups. A p value of less than 0.05 was considered significant. Replicates consisted of at least three independent experiments. Analyses were performed on SPSS version 25.0 (IBM) for Windows and GraphPad Prism version 6.0 (GraphPad Software, CA).
RESULTS
Anlotinib Represses Myofibroblast Activation and the Profibrogenic Phenotype in vitro
Given that TGF-β1 is the predominant cytokine that stimulates the differentiation of lung fibroblasts into myofibroblasts and induces ECM production (Sapudom et al., 2015; Huang et al., 2020), we examined the effect of anlotinib (the chemical structure is shown in Supplementary Figure S1) on TGF-β1-induced activation of primary mouse lung fibroblasts (MLFs). The CCK-8 assay results showed that anlotinib did not cause significant cytotoxicity at doses of 1 µM (Figure 1A). To mimic the inhibitory effect of anlotinib on the progression of lung fibrosis, primary MLFs were pretreated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for an additional 24 h. Our results demonstrated that TGF-β1 induced the expression of fibronectin, collagen I, and α-SMA, but anlotinib reversed the expression of these fibrotic markers (Figures 1B,C). Immunofluorescence analysis of α-SMA and fibronectin showed similar results (Figures 1D,E). We also examined whether anlotinib affected the proliferation and migration of fibroblasts, which have been shown to significantly contribute to many fibrotic pathologies (Jarman et al., 2014; Huang et al., 2020). As shown by the EdU (Figures 1F,G) and CCK-8 results (Figure 1H), anlotinib treatment prevented the TGF-β1-induced proliferation of primary MLFs. Moreover, anlotinib inhibited the TGF-β1-induced migration of fibroblasts (Figures 1I,J). These results were confirmed in the human IMR90 cell line (Figures 1K, L and Supplementary Figures S2A–D). These data indicate that anlotinib can repress myofibroblast activation and the profibrogenic phenotype in vitro.
[image: Figure 1]FIGURE 1 | Anlotinib represses myofibroblast activation and the profibrogenic phenotype in vitro.(A) Dose-dependent cytotoxicity of anlotinib in primary mouse lung fibroblast isolated from healthy mice by CCK-8. (B) Western blots analysis of Fibronectin, Collagen I, α-SMA and β-actin in mouse lung fibroblasts treated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for 3  h, followed by TGF-β1 for an additional 24 h. (C) Quantification for the indicated protein (mean ± SD, n = 3). Immunofluorescence for α-SMA (green) (D) and Fibronectin (green) (E). DAPI-stained nuclei (blue). Scale bar, 25 µm. (F) An EdU assay was used to observe the proliferative cells. Scale bar, 100 µm. (G) The number of EdU-positive cells was recorded (mean ± SD, n = 3). (H) A cck8 assay was used to observe the proliferative cells. (I) Representative images to show scratch-wound assay. Scale bars, 100 µm. Experiments were performed as in B. Images were taken 0, and 24 h after assay (white lines indicate wound edge). (J) Quantitative analysis of migration distance (mean ± SD, n = 3). (K) Western blots analysis of Fibronectin, Collagen I, α-SMA and β-actin in IMR90 cells treated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for an additional 24 h. (L) Quantification for the indicated proteins in IMR90 cells (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 VS TGF-β1-treated group (ANOVA).
Anlotinib Inhibits PFKFB3-Driven Glycolysis in Lung Myofibroblasts
To investigate the potential antifibrotic mechanisms of anlotinib, we estimated the most likely macromolecular targets of anlotinib and obtained 100 potential targets through SwissTargetPrediction (Table 2) (Gfeller et al., 2014). A total of 7,360 lung fibrosis-related targets were obtained from the GeneCards database (Table 3) (Safran et al., 2002). To clarify the interaction between potential anlotinib targets and lung fibrosis-related targets, the intersection of the targets was mapped by drawing a Venn diagram and constructing a target network (Figure 2A). Seventy-four common targets were shared between the potential anlotinib targets and lung fibrosis-related targets (Table 4). STRING (version 11.0) was used for protein-protein interaction (PPI) analysis (Figure 2B) (Szklarczyk et al., 2019). Bioinformatics analysis data identified mitogen-activated protein kinase (MAPK) signaling pathway-related genes as the top hits among the 74 genes (Figure 2C). Given that the MAPK pathway is well recognized as a metabolic regulator and that many of these genes control metabolic processes (Figure 2D) (Ho et al., 2004; Papa et al., 2019; Hu et al., 2020; Wang F. et al., 2020), we first confirmed the presence of glycolytic alterations in lung myofibroblasts. We directly measured the levels of lactate and found that both intracellular and extracellular lactate levels in lung myofibroblasts treated with TGF-β1 were significantly increased (Figures 2E,F). Consistent with the augmented glycolysis in lung myofibroblasts, these cells also demonstrated increased glucose consumption (Figure 2G). However, anlotinib treatment decreased the production and secretion of lactate and reduced the consumption of glucose (Figures 2E–G). Accordingly, extracellular acidification rate (ECAR) analysis indicated that treatment with TGF-β1 increased glycolysis and glycolytic activity in primary MLFs, both of which were also reduced by anlotinib (Figures 2H,I). To delineate the mechanisms by which anlotinib inhibits the augmented glycolysis observed in lung myofibroblasts, we assessed the expression of key glycolytic enzymes in these cells. We found that PFKFB3 was induced by TGF-β1 in lung fibroblasts and that anlotinib significantly decreased its expression at the protein level (Figures 2J,K). PFKFB3 is not a rate-limiting glycolytic enzyme; instead, PFKFB3 catalyzes the conversion of fructose-6-phosphate to fructose-2,6-bisphosphate, which is an allosteric activator of PFK1 and a potent stimulator of glycolysis (Atsumi et al., 2002; De Bock et al., 2013). Taken together, these data suggest that anlotinib can abrogate the PFKFB3-driven increase in glycolysis, participating in myofibroblast activation.
TABLE 2 | Targets of anlotinib obtained through SwissTargetPrediction.
[image: Table 2]TABLE 3 | Lung fibrosis-related targets obtained from the GeneCards database.
[image: Table 3][image: Figure 2]FIGURE 2 | Anlotinib inhibits PFKFB3-driven glycolysis in lung myofibroblasts. (A) Venn diagram to show the overlaps between anlotinib targets and lung fibrosis-related targets. (B) Protein-protein interaction (PPI) network of common targets between anlotinib and IPF. (C) The KEGG enrichment analysis of 74 targets of common targets. (D)The GO enrichment for each section listed. The mouse lung fibroblasts were pretreated with anlotinib (1 µM) for 3 h and then exposed to TGF-β1 (10 ng/ml) for an additional 24 h, and then the cells were lysed and lactate contents in the cellular lysates (E) and culture media (F) were determined. The data are presented as fold change relative to the levels of the untreated control group (mean ± SD, n = 3). (G) Glucose uptake detected with 2-NBDG were determined. The data are presented as fold change relative to the levels of the untreated control group (mean ± SD, n = 3). (H) Extracellular acidification rate (ECAR) was assessed. (I) Glycolysis and glycolysis capacity were quantified and shown as histograms (mean ± SD, n = 3). (J) Western blot analysis of HK2、PKM2、PFKFB3、LDHA and LDHB, β-actin was used as a loading control. (K) Quantification of HK2、PKM2、PFKFB3、LDHA and LDHB protein levels relative to β-Actin is shown (mean ± SD, n = 3). I, K, *p < 0.05, **p < 0.01, ***p < 0.001 VS TGF-β1-treated group by ANOVA.
TABLE 4 | Common targets shared between the potential anlotinib targets and lung fibrosis-related targets.
[image: Table 4]PCBP3 Posttranscriptionally Increases PFKFB3 Expression by Promoting Its Translation During Myofibroblast Activation
Interestingly, the progressive upregulation of PFKFB3 during myofibroblast activation induced by TGF-β1 that was observed at the protein level was not confirmed at the mRNA level, as measured by RT-PCR (Supplementary Figures S3A, B). These results indicate that TGF-β1-induced overexpression does not require de novo transcription of PFKFB3. To further verify these findings, primary MLFs were incubated with cycloheximide to block new protein synthesis, and immunoblotting was used to measure PFKFB3 levels (Figure 3A). The half-life of PFKFB3 was not significantly altered, indicating that TGF-β1 does not influence PFKFB3 protein stability. Therefore, we postulated that PFKFB3 upregulation is modulated through posttranscriptional mechanisms in this context. To verify this hypothesis, we used the online tool catRAPID to screen for potential proteins that may interact with PFKFB3 mRNA and identified that PCBP3 (Table 5) (Agostini et al., 2013; Livi et al., 2016), a member of the PCBP family, has a high probability of directly interacting with PFKFB3 mRNA (Figure 3B) (Choi et al., 2007; Kang et al., 2012; Leidgens et al., 2013; Wang J. et al., 2020). We comparatively analyzed the expression of PCBP3 after treatment with different doses of TGF-β1 by immunoblot analysis and found that PCBP3 protein expression was increased in primary MLFs after TGF-β1 treatment (Figures 3C,D), which correlated with PFKFB3 overexpression. To better define the connection between PCBP3 function and PFKFB3, we performed RNA-protein coimmunoprecipitation (RIP) studies in primary MLFs transfected with FLAG-tagged PCBP3 (FLAG-PCBP3). An antibody targeting the FLAG protein was used to immunoprecipitate FLAG-PCBP3 and any interacting molecules from the cell lysates. Reverse transcription followed by PCR was then used to identify individual PFKFB3 mRNAs isolated with FLAG-PCBP3. We found that PFKFB3 transcripts were enriched by PCBP3 coimmunoprecipitation compared to control IgG coimmunoprecipitation (Figure 3E), demonstrating that PFKFB3 mRNA is indeed a direct target of PCBP3 in MLFs. To test the possibility that PCBP3 may influence PFKFB3 translation, we performed polysome analysis in cells transfected with FLAG-PCBP3. Cytoplasmic lysates were fractionated through sucrose gradients to separate ribosomal subunits (40S and 60S), monosomes (80S) and progressively larger polysomes. RNA was extracted from each of the 12 fractions, and the levels of PFKFB3 and β-actin mRNA were quantified by quantitative RT-PCR. While PFKFB3 mRNA levels peaked in fraction 7 in control cells, the distribution of PFKFB3 mRNA shifted rightward when PCBP3 was overexpressed, peaking in fraction 9, indicating that PFKFB3 mRNA formed, on average, larger polysomes after PCBP3 overexpression (Figure 3F). The distribution of β-actin mRNA was not affected by PCBP3 overexpression. These results indicated that overexpression of PCBP3 increases the translation of PFKFB3. Overall, these results suggest that PCBP3 improves PFKFB3 expression levels by increasing its translation rather than by influencing its protein stability.
[image: Figure 3]FIGURE 3 | PCBP3 posttranscriptionally increases PFKFB3 expression by promoting its translation during myofibroblast activation. (A) PFKFB3 degradation in mouse lung fibroblasts when protein synthesis was inhibited by 50 μM cycloheximide (mean ± SD, n = 3). (B) Prediction of RNA–protein interaction of PFKFB3 mRNA with PCBP3 protein using the catRAPID algorithm. Red represents interaction strength. (C) Western blot analysis of PFKFB3 and PCBP3 protein levels in mouse lung fibroblasts stimulated with TGF-β1 for the indicated concentrations. (D) Quantification of PFKFB3 and PCBP3 protein levels relative to β-actin is shown (mean ± SD, n = 3, **p < 0.01, ***p < 0.001 compared with 0 by one-way ANOVA). (E) Quantitative RT-PCR (qPCR) to show the effect of PCBP3 overexpressing on PFKFB3 RNA immunoprecipitation (RIP) in mouse lung fibroblasts. Values were plotted as mean ± SD from three independent experiments. p value was calculated by Student t test. ***p < 0.001. (F) Mouse lung fibroblasts expressing Flag-PCBP3 were fractionated into cytoplasmic extracts through sucrose gradients. The arrow indicates the direction of sedimentation. The distribution of PFKFB3 and β-actin mRNAs was quantified by RT-PCR analysis of RNA isolated from 12 gradient fractions. Statistical analyses were performed using Student t test. ***p < 0.001. (G) Mouse lung fibroblasts were transfected with Flag-PCBP3, and then transfected with PFKFB3-siRNAs or NC-siRNA. The levels of Fibronectin、Collagen I、PFKFB3、α-SMA、PCBP3 and β-actin assessed by western blot. (H) Graphical representation of the relative levels of indicated proteins (mean ± SD, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA).
TABLE 5 | Potential proteins may interact with PFKFB3 mRNA through the catRAPID algorithm.
[image: Table 5]To determine the functional impact of PCBP3-mediated regulation of PFKFB3 expression in lung fibrosis, we transfected lung fibroblasts with FLAG-PCBP3. Expression of PFKFB3 was significantly increased by PCBP3 overexpression compared to that of the empty vector control. Reliable markers of the phenotypic transformation of fibroblasts into myofibroblasts, fibronectin, collagen I and α-SMA, were markedly increased in FLAG-PCBP3-treated cells at the protein level (Figures 3G,H) compared with vector-treated cells. In turn, using small interfering RNA (siRNA) to silence PFKFB3, the FLAG-PCBP3-induced overexpression of fibronectin, collagen I and α-SMA was abolished (Figures 3G,H). These findings suggest that PCBP3 protein upregulation is an early and sustained event during fibroblast activation and that the profibrogenic effects of PCBP3 are mediated by PFKFB3 expression. Taken together, these data suggest that PCBP3 posttranscriptionally increases PFKFB3 expression by promoting its translation during myofibroblast activation.
Anlotinib Represses PCBP3 Expression Levels During Myofibroblast Activation
To confirm the regulation of PCBP3 by anlotinib in vitro, we evaluated the protein expression of PCBP3 in MLFs and IMR90 cells. We found that TGF-β1 induced the expression of PCBP3 in MLFs and that anlotinib prevented PCBP3 expression by immunofluorescence analysis (Figure 4A). Western blot analysis of PCBP3 showed a similar result (Figures 4B,C) in MLFs, and these results were confirmed in the human IMR90 cell line (Figures 4D,E). Taken together, these data suggest that anlotinib can repress PCBP3 expression levels during myofibroblast activation in vitro.
[image: Figure 4]FIGURE 4 | Anlotinib represses PCBP3 expression levels during myofibroblast activation. (A) Immunofluorescence for PCBP3 (green) in mouse lung fibroblasts treated with anlotinib for 3  h, followed by TGF-β1 for an additional 24 h. DAPI-stained nuclei (blue). Scale bar, 25 µm. (B) Western blots analysis of PCBP3 and β-actin in primary mouse lung fibroblasts. (C) Quantification for the indicated proteins (mean ± SD, n = 3). (D) The Western blots analysis of PCBP3 and β-actin in IMR90 cells treated with anlotinib for 3  h, followed by TGF-β1 for an additional 24 h. (E) Quantification for the indicated proteins (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 VS TGF-β1-treated group by ANOVA.
Anlotinib Attenuates Bleomycin-Induced Pulmonary Fibrosis
To investigate the biological effects of anlotinib on pulmonary fibrosis in vivo, we established a bleomycin (BLM)-induced mouse model of pulmonary fibrosis. The mice were intraperitoneally injected with 1 mg/kg anlotinib daily after BLM administration (Figure 5A). From the first week after bleomycin instillation, the bleomycin-treated mice showed a certain reduction in activity, accompanied by slight shortness of breath. 21 days after bleomycin administration, bleomycin-treated mice showed obvious hyperventilation, accompanied by reduced activity and weight loss, but no similar symptoms were observed in the control group. A single dose of BLM (5 mg/kg) administered by intratracheal instillation successfully induced pulmonary fibrosis in C57BL/6 mice, as evidenced by a decline in pulmonary function, decreased tidal volume (TV, Figure 5B) and dynamic compliance (Cdyn, Figure 5C), and increased lung resistance (RI, Figure 5D). However, treatment with anlotinib significantly reversed bleomycin-induced pulmonary dysfunction. Moreover, we evaluated collagen deposition in the lung tissues by analyzing the hydroxyproline (HYP) content and found that anlotinib treatment reduced the amount of collagen in the lungs of bleomycin-treated mice (Figure 5E). Hematoxylin and eosin (H&E) staining indicated that anlotinib-treated mice had decreased lung inflammation and reduced lung architectural damage (Figure 5F). Accordingly, Masson’s trichrome staining showed decreased collagen deposition in anlotinib-treated mice compared with vehicle-treated mice (Figure 5F). Furthermore, attenuated fibrosis was supported by decreased protein levels of fibronectin and α-SMA by immunohistochemical (IHC) staining (Figure 5G). We also found that anlotinib treatment reduced fibronectin, collagen I and α-SMA expression by western blotting (Figures 5H,I). Taken together, these data show that anlotinib attenuates bleomycin-induced pulmonary fibrosis in vivo.
[image: Figure 5]FIGURE 5 | Anlotinib attenuates bleomycin-induced pulmonary fibrosis. (A) Intervention dosing regimen of anlotinib in experimental mouse model of fibrosis. C57BL/6 mice were intraperitonealy injuected with 1 mg/kg of anlotinib or vehicle (n = 5-6 per group) daily after bleomycin instillation. Lungs were harvested at 21 days for the following analyses. Analysis of tidal volume (TV) (B), dynamic compliance (Cdyn) (C), and lung resistance (RI) (D) (mean ± SD, n = 5). (E) Hydroxyproline (HYP) contents in lung tissues from mice (mean ± SD, n = 5). Representative images show haematoxylin and eosin (H&E), Masson’s trichrome (F), α-SMA and Fibronectin staining (G) of lung sections from the indicated groups of mice. Scale bars, 100 µm. (H) Western blot analysis of Fibronectin、Collagen I and α-SMA, β-actin was used as a loading control. (I) Quantification of Fibronectin、Collagen I and α-SMA protein levels relative to β-actin is shown (mean ± SD, n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 VS BLM-treated group by one-way ANOVA.
Anlotinib Decreases PCBP3 Expression and Inhibits PFKFB3-Driven Glycolysis in Fibrotic Rodent Lungs
We next examined whether the levels of PCBP3 were regulated by anlotinib in vivo. We evaluated the expression of PCBP3 in lung tissues and found that the protein levels of PCBP3 were markedly increased after bleomycin instillation, while anlotinib treatment decreased PCBP3 expression (Figures 6A,B). Accordingly, IHC staining showed decreased PCBP3 protein levels in anlotinib-treated mice compared with vehicle-treated mice (Figure 6C). In addition, to confirm the regulation of PFKFB3-driven glycolysis by anlotinib in vivo, we measured the levels of lactate and the expression of PFKFB3 in the lungs of mice. We found that there were significantly higher levels of lactate in the lungs of bleomycin-treated mice than in the lungs of control mice, and anlotinib decreased lactate levels (Figure 6D). Western blot and IHC staining studies revealed that bleomycin-induced PFKFB3 expression in the lungs of mice was prevented by anlotinib (Figures 6E–G). Overall, these results suggest that anlotinib decreases PCBP3 expression and inhibits PFKFB3-driven glycolysis in fibrotic rodent lungs.
[image: Figure 6]FIGURE 6 | Anlotinib decreases PCBP3 expression and inhibit the PFKFB3-driven glycolysis in fibrotic rodent lungs. (A) Intervention dosing regimen of anlotinib in experimental mouse model of fibrosis. C57BL/6 mice were intraperitonealy injuected with 1 mg/kg of anlotinib or vehicle (n = 5-6 per group) daily after bleomycin instillation. Lungs were harvested at 21 days. Western blot analysis of PCBP3, β-actin was used as a loading control (n = 6). (B) Quantification of PCBP3 protein levels relative to β-actin is shown (mean ± SD, n = 6). (C) Representative images show PCBP3 staining of lung sections from the indicated groups of mice. Scale bars, 100 µm. (D) lactate contents in lung tissues from mice (mean ± SD, n = 5). (E) Western blot analysis of PFKFB3, β-actin was used as a loading control (n = 6). (F) Quantification of PFKFB3 protein levels relative to β-actin is shown (mean ± SD, n = 6). (G) Representative images show PFKFB3 staining of lung sections from the indicated groups of mice. Scale bars, 100 µm. **p < 0.01, ***p < 0.001 VS BLM-treated group by one-way ANOVA.
Anlotinib Accelerates the Resolution of Bleomycin-Induced Lung Fibrosis
We demonstrated that anlotinib treatment could attenuate bleomycin-induced pulmonary fibrosis. In that in vivo experiment, anlotinib was administered at approximately the same time as bleomycin instillation. We further examined whether anlotinib could postpone the progression of established fibrosis. Therefore, we performed another in vivo experiment in which anlotinib was intraperitoneally injected 7 days after bleomycin instillation (Figure 7A). As interventions beginning 7 days post bleomycin were classified as therapeutic (Izbicki et al., 2002; Moeller et al., 2008), we initially treated mice with anlotinib (1 mg/kg/day or 2 mg/kg/day) beginning on day 7 after bleomycin instillation. Pulmonary function tests showed that anlotinib treatment reversed the bleomycin-induced decline in pulmonary function, with increases in TV (Figure 7B) and Cdyn (Figure 7C) and a decrease in RI (Figure 7D). HYP measurements showed that the collagen content was significantly decreased in anlotinib-treated mice compared with vehicle-treated mice (Figure 7E). H&E staining and Masson’s trichrome staining of lungs collected at day 21 showed enhanced recovery from fibrosis upon anlotinib treatment (Figure 7F). Correspondingly, IHC staining showed that anlotinib treatment reduced fibronectin and α-SMA expression in the lungs (Figure 7G). Western blot analysis also showed that anlotinib decreased the protein levels of fibronectin, collagen I and α-SMA in the lungs (Figures 7H,I). Collectively, these data clearly demonstrate that anlotinib accelerates fibrosis resolution in vivo even after the establishment of fibrosis.
[image: Figure 7]FIGURE 7 | Anlotinib accelerates resolution of bleomycin-induced pulmonary fibrosis. (A) Intervention dosing regimen of anlotinib in established pulmonary fibrosis. Bleomycin instillation was used to induce fibrosis and no treatment was given during the first 7 d. Then, mice were intraperitonealy injuected with 1 or 2 mg/kg of anlotinib or vehicle (n = 5-6 per group) daily. Lungs were harvested at 21 days. Tidal volume (TV) (B), dynamic compliance (Cdyn) (C), and lung resistance (RI) (D) of mice were measured (mean ± SD, n = 5). (E) HYP contents in lung tissues from mice (mean ± SD, n = 5). Representative images show H&E, Masson’s trichrome (F), α-SMA and Fibronectin staining (G) of lung sections from the indicated groups of mice. Scale bars, 100 µm. (H) Western blot analysis of Fibronectin、Collagen I and α-SMA, β-actin was used as a loading control (n = 4). (I) Quantification of Fibronectin、Collagen I and α-SMA protein levels relative to β-actin is shown (mean ± SD, n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 VS BLM-treated group by one-way ANOVA.
DISCUSSION
Despite recent advances in our understanding of IPF pathology, there is still no curative treatment for this disease; indeed, the currently available antifibrotic treatment modalities slow but do not completely stop the progression of the disease (Spagnolo and Maher, 2017). In this study, we demonstrate that anlotinib strongly inhibits fibroblast-to-myofibroblast transdifferentiation and reduces extracellular matrix production in primary MLFs and in the human IMR90 cell line. Accordingly, preventative and therapeutic administration of anlotinib to bleomycin-administered mice resulted in accelerated resolution of fibrosis. No adverse, systemic side effects were observed. Here, we demonstrate a novel mechanism by which anlotinib exerts antifibrotic effects by downregulating PCBP3, reducing PFKFB3 translation and inhibiting glycolysis in myofibroblasts (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic representation of PCBP3-PFKFB3-dependent glycolysis and the inhibitory effect of anlotinib on this pathway. Lung injury induces PCBP3 expression, which results in an increase in PFKFB3 expression by promoting its translation, resulting in the augmentation of glycolysis in lung fibroblasts. Glycolytic reprogramming participates in myofibroblast activation and furthers lung fibrosis. The tyrosine kinase inhibitor anlotinib inhibits PFKFB3-driven glycolysis by decreasing the expression of PCBP3, thereby suppressing myofibroblast activation and inhibiting the exacerbation of lung fibrosis.
A previous study revealed that male and female C57BL/6 mice did not differ in terms of their lung fibrotic responses, including cellular infiltration, collagen deposition, and quantifiable morphological changes in the lung architecture, but that the bleomycin-induced decrease in static compliance was significantly greater in males than in females (Voltz et al., 2008). This adverse effect on lung function was found to be due to male sex hormones. So sex differences should be carefully considered when interpreting experimental models of pulmonary fibrosis in mice (Blaauboer et al., 2014). In our study, we used only female mice to avoid the sex differences. We found that anlotinib exerted the preventative effects on bleomycin model of pulmonary fibrosis. Furthermore, anlotinib can also accelerate fibrosis resolution after the establishment of fibrosis.
A recent report showed that anlotinib inhibits the profibrotic effect of TGF-β1 in lung fibroblasts by attenuating inflammation and oxidative stress (Ruan et al., 2020). Our data are in line with that report and reveal an additional mechanism by which anlotinib acts on lung fibroblasts to attenuate fibrosis. There is emerging evidence about the association between metabolic disorders and IPF (Yin et al., 2019; Cho et al., 2020; Hu et al., 2020). Similar to highly proliferative cancer cells, myofibroblasts are highly dependent on glycolysis in vitro (Bueno et al., 2020). Furthermore, glycolysis is necessary not only for fibroblast growth and migration but also for the acquisition and maintenance of a myofibroblastic phenotype (Xu et al., 2017; Para et al., 2019). A previous study revealed that inhibition of glycolysis by the PFKFB3 inhibitor 3PO or by genomic disruption of the PFKFB3 gene blunted the differentiation of lung fibroblasts into myofibroblasts and attenuated profibrotic phenotypes in myofibroblasts (Xie et al., 2015). Another study revealed that lung fibroblasts displayed augmented aerobic glycolysis through activation of the PI3K-Akt-mTOR/PFKFB3 pathway in LPS-induced pulmonary fibrosis (Hu et al., 2020). Our data, along with previous studies, demonstrated that glycolytic reprogramming was critical to lung myofibroblast activation and pulmonary fibrosis. Furthermore, we demonstrated that anlotinib could strongly inhibit glycolytic reprogramming in vitro and in vivo.
The results presented herein provide new insights into the molecular mechanisms of lung fibrogenesis. This work unveils a previously unrecognized posttranscriptional regulation in activated lung fibroblasts composed of the RNA binding protein PCBP3 and the critical glycolytic enzyme PFKFB3, which maintains fibroblasts with higher glycolytic activity in fibrotic lungs compared to normal lung fibroblasts in healthy lungs. PCBP family members perform multiple functions by binding to the poly(C) sequence in both DNA and RNA to modulate mRNA stabilization, translation silencing, or translation enhancement (Blyn et al., 1997; Andino et al., 1999; Ostareck et al., 2001). Our present findings showing that PCBP3 plays an important role in myofibroblast activation and fibrogenesis and significantly extends our previous understanding by identifying an additional node of interaction between PCBP3-mediated posttranscriptional dysregulation and lung disease. We found that PFKFB3 protein overexpression was not accompanied by PFKFB3 mRNA upregulation, indicating that this increase was not transcriptionally derived. Instead, we observed that high PFKFB3 protein levels were maintained during fibroblast transdifferentiation, owing to PCBP3-mediated translational activation. Thus, the PCBP3 protein is upregulated during myofibroblast activation and binds directly to PFKFB3 during transcription. This binding activates PFKFB3 mRNA translation and generates high levels of the glycolysis activator PFKFB3. This mechanism does not exclude additional pathways of regulating PFKFB3 expression. Hence, it is not unusual for key proteins to be regulated at multiple levels, including through transcription, translation, and posttranslational modifications.
Our study is the first to report that anlotinib inhibits PFKFB3-mediated glycolysis in myofibroblasts. Moreover, anlotinib attenuates glycolysis in myofibroblasts by repressing PCBP3 expression levels rather than directly regulating the expression of PFKFB3, as anlotinib treatment does not decrease the mRNA levels of PFKFB3. Our work contributes novel mechanistic insight into the action of anlotinib. However, one of the limitations of this study is that we didn’t knock out PCBP3/PFKFB3 in mice to verify their effects in lung fibrosis, which may be explored in the further research. This future direction may be important to better understand how PCBP3 regulates PFKFB3-mediated glycolysis in pulmonary fibrosis. The other one is that this study only used bleomycin mice model for the research. Although the bleomycin model is the most widely used and best-characterized mouse model, the fibrosis of the bleomycin model is self-resolving, which contrasts with the progressive chronic fibrosis typical of human IPF (Liu et al., 2017). Therefore, whether anlotinib could attenuate fibrosis in human IPF still requires ex vivo models of pulmonary fibrosis.
In conclusion, our study demonstrated a clear antifibrotic role for anlotinib in the lungs. Its antifibrotic activity is mediated by its ability to decrease PCBP3 expression and attenuate PFKFB3-driven glycolysis, thereby inhibiting myofibroblast activation. Anlotinib might be considered as a potential therapeutic option for IPF patients.
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Background: Mean corpuscular volume (MCV) is major used as an indicator for the differential diagnosis of anemia. Macrocytic anemia in decompensated cirrhosis is common. However, the relationship between macrocytic anemia and decompensated hepatitis B virus (HBV) associated cirrhosis has not been fully addressed.
Methods: In this cross-sectional study, a total of 457 patients diagnosed decompensated HBV associated cirrhosis who met all inclusion criteria from 2011 to 2018 were analyzed. Association between macrocytic anemia and the liver damaged (Model for End Stage Liver Disease (MELD) score) were examined using multiple logistic regression analyses and identified using smooth curve fitting.
Results: Compared with normocytic anemia, MCV and MELD are significantly positively correlated in macrocytic anemia (p < 0.001). A non-linear relationship of MCV and MELD association was found though the piecewise linear spline models in patients with decompensated HBV associated cirrhosis. MCV positive correlated with MELD when the MCV was greater than 98.2 fl (regression coefficient = 0.008, 95% CI 0.1, 0.4).
Conclusion: Macrocytic anemia may be a reliable predictor for mortality because it is closely related to the degree of liver damage in patients with decompensated HBV associated cirrhosis.
Keywords: macrocytic anemia, decompensated HBV associated cirrhosis, MELD score, degree of liver damage, mean corpuscular volume
INTRODUCTION
Liver cirrhosis is a frequent end stage of liver disease, which itself results from a long-term process of fibrosis and sustained inflammation and leads to chronic liver disease (Schuppan and Afdhal, 2008). Hepatitis B virus (HBV) infection remains a very common liver disease (Nguyen et al., 2020), over 70% of infected cases are diagnosed as liver cirrhosis in China (Xiao et al., 2019). During the natural course of the disease, cirrhosis has transitioned from the compensation stage to the decompensation stage, through the developmental processes of one of the following serious complications: variceal hemorrhage, spontaneous bacterial peritonitis (SBP), encephalopathy, or jaundice. The 5-years liver related decompensated incidences in patients with compensated cirrhosis are 15–20%, 5-years survival rate for patients with compensated cirrhosis is approximately 84%, while for patients with decompensated cirrhosis, survival rate drops to 14–35% (Peng et al., 2012).
Anemia is now identified as an important predictor of adverse outcomes in liver cirrhosis patients, such as the development of acute-on-chronic liver failure (ACLF) in outpatients with cirrhosis and hepatocellular carcinoma mortality rates (Finkelmeier et al., 2014; Piano et al., 2017). Mean corpuscular volume (MCV) is defined as a measure of the average volume of a red blood cell, anemia is classified into three categories depending on the level of the patient’s MCV: macrocytic anemia (>100 fl), normocytic anemia (80–100 fl) and microcytic anemia (<80 fl). A study has indicated that an increase MCV level was correlated with the prognosis of liver cancer (Yoon et al., 2016). However, the exact mechanisms behind the relationship between MCV and liver function damage degree in patients with decompensated hepatitis B virus-related cirrhosis is still unknown. The model for End Stage Liver Disease (MELD) score was a preferred tool to use to predict the short-term mortality of end-stage liver disease and measure cirrhosis severity (Kamath and Kim, 2007). It had been considered to be an important predictor of survival for end-stage liver disease caused by many etiologies and was considered an organ allocation strategy for liver transplantation more accurate than Child-Pugh score since its application in the United States in 2002 (Wiesner et al., 2003; Bambha et al., 2004). Analysis demonstrated that the greater MELD scores (≥15), the greater risk of death from liver disease, as well as showed a significant survival benefit from liver transplantation compared to lower MELD scores (<15) (Merion et al., 2005). Thus, higher MELD score are expected to indicate worse liver function.
Previous a study showed that the relationship between MCV and MELD (Yang et al., 2018), however, this relationship has not been well studied. Therefore, we investigated whether MCV is independently associated with MELD in HBV-associated decompensated cirrhosis.
METHODS
Characteristics of the Participants
This is a retrospective study from the Big Data Platform of the First affiliated hospital of Dalian Medical university from May 2011 to April 2018, our data consists of 1732 patients with decompensated HBV associated decompensated cirrhosis. Our research used the International Classification of Diseases codes to identify decompensation cirrhosis with HBV hospitalized patients. Decompensated Cirrhosis in Patients with hepatitis B according to the China’s Guidelines for the Prevention and Treatment of Chronic Hepatitis B (The guidelines of prevention and treatment for chronic hepatitis B (2019 version), 2019), 1) HBsAg carrier for study population≥6 months; 2) confirm the presence of cirrhosis according to biochemical, radiological, endoscopic and histological criteria; 3) at least one episode of ascites, spontaneous bacterial peritonitis, hepatic encephalopathy, or variceal bleeding (Jang et al., 2015). The WHO defined anemia as a hemoglobin level <130 g/L in male and <120 g/L in female (McLean et al., 2009). Two investigators reviewed the charts of all patients, Any discrepancies between the two investigators will be adjudicated by a senior physician. 457 patients who met all inclusion criteria and none of the exclusion criteria were enrolled into the study. This cross-section hospital-based, observational study was conducted in a University Hospital (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart for the selection of patients.
The research protocol was reviewed and approved with a waiver of written informed consent by the Ethics Committee of the First affiliated hospital of Dalian Medical university, informed consent by telephone was obtained from each participant. All the methods were performed in accordance with relevant guidelines and regulations.
Data Collection
Demographic characteristics were obtained from face-to-face communication with patients or their families when the patient was admitted to our hospital. Blood samples were taken from the patients on an empty stomach for more than 10 h after the whole night and fast sent to the laboratory assessments. Having more than one cigarette per day is considered as smoking and alcohol intaking more than 20 g per day for at least a year is considered as drinking (Kim et al., 2013; Carter et al., 2015). Estimated GFR (eGFR) formula was derived from the modification of diet in renal disease (MDRD). Regrettably, due to missing data, HBV DNA data and body mass index (BMI) were excluded from this study (K/DOQI clinical practice guidelines for chronic kidney disease: evaluation, classification, and stratification, 2002; Ma et al., 2006).
MELD Score
Using the following formula to calculate the MELD score: 9.57 × loge (creatinine mg/dl) + 3.78 × loge (bilirubin mg/dl) + 11.2 × loge (INR) + 6.43, where INR is the international normalized ratio and 6.43 is the constant of the etiology of liver disease (Kamath and Kim, 2007).
Statistical Analysis
Categorical variables were described in counts (percentages) and continuous variables as means ± standard deviation (SD). Patients were distributed into 3 groups by mean corpuscular volume (MCV) classification. The variables were followed normal distribution and homogeneous in variance. The levels within 3 groups of the continuous variables were analyzed using one-way ANOVA. categorical variables were analyzed using Chi-square test. To evaluate the relationship between the MELD score and macrocytic anemia were analyzed using univariate and multivariate linear regression analyses. Only variables with a p-value < 0.05 in the univariate analyses were planned to be included in the multivariate model. The possible linear and nonlinear models were used to assess the relationship between MELD and MCV by multiple linear regression models and two-piece piecewise regression models adjusted for sex, age, smoking, drinking, SBP, DBP. We then performed stratified analyses in order to further explore potential modifier on the MELD-MCV association.
All data analysis and form generation were produced using the statistical package R (http://www.R-project.org, The R Foundation) and Empower (R) (www.empowerstats.com; X&Y Solutions, Inc. Boston, MA). The results data were considered statistically significant When p-value was <0.05.
RESULTS
Characteristics of the Participants
The baseline characteristics of subjects with anemia were divided into three groups (Table 1). Among the 457 participants in this analysis, 330/457 patients (72.2%) of the anemic cases had normocytic anemia, with the remaining 127 (27.8%) having macrocytic (n = 72) and microcytic anemia (n = 55). The cohort was 74.2% male, had a mean age of 65.5 (SD = 12.9). In addition, we found significantly higher expression levels of serum bilirubin, international normalized ratio (INR) and MELD score in macrocytic anemia when compared to normocytic or microcytic anemia. However, no significant differences were found in age, gender, smoking, drinking, diabetes, hypertension, systolic blood pressure, diastolic blood pressure, creatinine, eGFR, albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), γ-glutamyltranspeptidase (γ-GT).
TABLE 1 | Baseline Characteristics of participants (N = 457).
[image: Table 1]Association Between Macrocytic Anemia and MELD Score
In univariate regression analysis, we found that a significant correlation was present both macrocytic anemia and the MELD score (β = 2.20, 95% CI: 0.99–3.41, p < 0.001), normocytic group was used as a normalization control (Table 2). Moreover, this association persisted (β = 2.31, CI:1.09–3.52, p < 0.001) after adjustment for sex and age in Model I (β = 2.40, CI:1.06–3.74, p < 0.001) after adjustment for sex, age, smoking, drinking, SBP, DBP in Model II in multivariate analysis (Table 3).
TABLE 2 | Univariate analysis for MELD score.
[image: Table 2]TABLE 3 | Relationship between MCV and MELD in different models.
[image: Table 3]Association Between MCV and MELD Score
The two-piece wise smooth curve for MCV-MELD association in decompensated HBV associated cirrhosis. MCV negatively correlated with MELD when the MCV was smaller or equal than 98.2 fl (regression coefficient = 0.793,95% CI—0.1, 0.1). There was a strong positive correlation if MCV greater than 98.2 fl (regression coefficient = 0.008,95% CI 0.1, 0.4) (Figure 2; Table 4).
[image: Figure 2]FIGURE 2 | Two-piece piecewise regression and smooth curve-fitting for association between MCV and MELD stratified.
TABLE 4 | Threshold Effect Analysis of MCV and MELD using Piece-wise Linear Regression.
[image: Table 4]DISCUSSION
In this study the analysis was done retrospectively, we suggested that macrocytic anemia (MCV >100 fl) related to the degree of liver damage in decompensated HBV associated cirrhosis patients. This variability persists even after adjusting for age, gender, smoking, drinking, SBP and DBP.
Positive association between MCV and MELD was found among HBV-associated decompensated cirrhosis. Our findings by the two-piece piece-wise regression model to display the relationship between MCV and MELD as non-linear relationship. Positive correlation was observed when the MCV was higher than 98.2 fl, while negative correlation occurred when the MCV was lower than 98.2 fl.
Macrocytosis, which is also known as MCV >100 fl, is not necessarily corelated with anemia. Moreover, in most of the cases it is unattached to anemia (Eisenga et al., 2019). We select anemia as an inclusion criteria in our model because 70% patients in our study have anemia. In patients with advanced chronic liver disease, a research reported that 66% of the population suffers from anemia of different etiologies, this result was consistent with our study (Scheiner et al., 2020). Furthermore, the cause of occurred anemia in patients with liver cirrhosis due to shortened erythrocyte survival, a lack of hematopoietic cytokine, gastrointestinal bleeding, bone marrow disorders. All these suggest serious impairment of liver function and a high risk of death.
The significance of macrocytosis remains an underestimated issue in the past. Only a small number of studies had relevant reports (Bourlon et al., 2016; Kloth et al., 2016; Lee et al., 2020). An article indicated that a high MCV was associated with increased risk of death from liver cancer in males (Yoon et al., 2016). One study with small sample size also found that the MCV was notably higher in chronic hepatic failure patients than in healthy individuals (Remková and Remko, 2009). A precious published finding also showed that macrocytic anemia was related to the degree of liver damage in patients with decompensated HBV associated cirrhosis (Yang et al., 2018). These results fit in with our study.
Macrocytosis is considered a structural and functional abnormality of the erythrocyte membrane. Several potential pathological mechanisms may explain our observations. First, irrespective of the etiology vitamin deficits is common in patients with cirrhosis, such as vitamin B12 and folate deficiency (Gupta et al., 2019; Ohfuji et al., 2021), macrocytic anemia usually occurs due to liver dysfunction, low intakes of dietary, low uptake and increased catabolism. Vitamin B12 and folate coenzymes deficiency are known to cause delayed in DNA synthesis and eventually results in macrocytic anemia (Green and Dwyre, 2015; Lanier et al., 2018). Second, oxidative stress has been identified as an pivotal pathophysiological mechanism in chronic viral hepatitis B (Uchida et al., 2020). Because red blood cell is thought to be tightly related to whole-body antioxidant capacity (Tsantes et al., 2006). Oxidative stress decreases the RBC capacity to deform, reduces blood flow in microcirculation and compromises oxygen supply to certain tissues (Mohanty et al., 2014; Skjelbakken et al., 2014). Moreover, There are various factors that affect erythrocyte morphology in liver disease, such as etiology, severity of hepatic impairment, and use of drugs. There are many complicated mechanisms that affect the shape of red blood cells. These mechanisms may allow to perform effectively their independent or collaborative functions. Nevertheless, it’s clear that macrocytic anemia has a positive correlation with the degree of liver damage in patients with decompensated HBV associated cirrhosis.
The MELD score is approved for assessing the degree of liver diseases. These variables include prothrombin time, INR, serum bilirubin and creatinine level. MELD score changes with variations in these variables. Higher MELD scores associate with increased risks of death and hepatic events in cirrhosis. In our study, among the parameters of MELD score, bilirubin and INR showed an increase on patients with macrocytic anemia. However, there was no remarkable difference with creatinine and eGFR. Therefore, macrocytic anemia may not be relevant to renal injury in patients with decompensated HBV associated cirrhosis.
Several study limitations are noted. First, the main limitation of this study lies in its retrospective observational nature, the cross-sectional nature of our study does not permit the determination of causality between MCV and MELD. Second, this study included only Chinese participants, and therefore these findings may not be generalizable to other biogeographic ethnic groups. Third, we did not perform an analysis on the data of folate, serum vitamin B12 and reticulocyte count, which could provide a better understanding of macrocytic anemia in cirrhotic patients.
CONCLUSION
Macrocytic anemia was highly correlated with the degree of hepatic dysfunction and may be a reliable predictor for mortality in patients with decompensated HBV associated cirrhosis. We found a non-linear relationship between MCV and MELD. Moreover, further large-scale, well-designed and multicenter studies need to be conducted to confirm our conclusions, it is important to evaluate and investigate this association and to gain insight the underlying mechanisms.
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Remdesivir, a nucleotide analog prodrug, has displayed pharmacological activity against SARS-CoV-2. Recently, eicosanoids are widely involved in regulating immunity and inflammation for COVID-19 patients. Rats were intravenously administered remdesivir at a dose of 5 mg/kg, and series of blood samples were collected before and after treatment. Targeted metabolomics regarding the eicosanoid profile were investigated and quantitated simultaneously using the previously reported reliable HPLC-MS/MS method. Additionally, interplay relationship between metabolomics and pharmacokinetic parameters was performed using the Pearson correlation analysis and PLS model. For the longitudinal metabolomics of remdesivir, metabolic profiles of the same rat were comparatively substantial at discrete sampling points. The metabolic fingerprints generated by individual discrepancy of rats were larger than metabolic disturbance caused by remdesivir. As for the transversal metabolomics, the prominent metabolic profile variation was observed between the baseline and treatment status. Except for TXB2, the inflammatory- and immunology-related eicosanoids of resolvin D2, 5-HEPE, 5-HETE, and DHA were significantly disturbed and reduced after single administration of remdesivir (p < 0.05, p < 0.001). Moreover, the metabolite of PGE2 correlated with GS-441524 (active metabolite of remdesivir) concentration and pharmacokinetic parameters of Cmax, AUC0-t, AUC0-infinity, and CL significantly. Eicosanoid metabolic profiles of remdesivir at both longitudinal and transversal levels were first revealed using the robust HPLC-MS/MS method. This initial observational eicosanoid metabolomics may lighten the therapy for fighting COVID-19 and further provide mechanistic insights of SARS-CoV-2 virus infection.
Keywords: eicosanoids, remdesivir, metabolomics, COVID-19, HPLC-MS/MS
INTRODUCTION
Since December 2019, coronavirus disease 2019 (COVID-19) has strained the global healthcare system seriously (Zhu et al., 2020). In the face of the current global pandemic posed by severe respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, there is an urgent necessitation not only to prompt a fervent search for effective therapy but also to improve our knowledge of the metabolomic mechanism of this disease. Nowadays, several approaches are being investigated, including small molecular chemical antiviral drug (Costanzo et al., 2020), traditional Chinese medicine (Ren et al., 2020), and vaccines (Lurie et al., 2020), which has improved the ratio of benefit/risk of patients with COVID-19 significantly.
A nucleotide analog prodrug, remdesivir, has broad-spectrum activity against a variety of viruses, such as Ebola, SARS-CoV-2, Middle East respiratory syndrome coronavirus (MERS-CoV), and COVID-19 in vitro and in vivo (Lamb, 2020). Nowadays, remdesivir was authorized by the United States Food and Drug Administration for emergency use in November 2020 for treating patients with severe COVID-19. Undoubtedly, clinical treatment of remdesivir has brought obvious benefit for patients with COVID-19 to some extent.
Metabolomics is one of the most powerful tools for studying the interaction between genetic background and exogenous and endogenous factors in human health. Pharmacometabolomics can provide a metabolic profile or metabotype variation induced by drug treatment, which straightly mirrors the metabolic status of small molecules between tissues and fluids and facilitates better understanding of biological processes related with the disease. Endogenous small-molecule metabolites are indispensable for vital infection, which can provide fundamental material for rapidly proliferating and constructing nucleic acid, proteins, and membrane (Thomas et al., 2020). As one of the key components for physiological function, eicosanoids not only play a crucial role in the pathological process of allergy, inflammation, and cancer (Harizi et al., 2008; Wang and DuBois, 2010; Dennis and Norris, 2015) but also promote the cytokine storm of SARS-CoV-2 infection (Hammock et al., 2020). It is now well known that general alterations in metabolomic profiles and trajectories, which are a link between genotypes and phenotypes and provide terminal information, can provide crucial comprehension of SARS-CoV-2 infection pathogenesis (Thomas et al., 2020). Unfortunately, the metabolic mechanism of remdesivir was not fully figured out, especially with regard to eicosanoid metabolite reprogramming/perturbation.
Limited literatures have reported the metabolite changes among COVID-19 patient cohorts, such as cytosine and tryptophan–nicotinamide pathways (Blasco et al., 2020), lipids (Archambault et al., 2021), amino acid, and fatty acid (Shen et al., 2020). However, as far as we know, no eicosanoid metabolic profiling literatures were reported pertaining to remdesivir treatment both in vitro and in vivo. It is therefore reasonable and feasible to study the association of eicosanoid metabolic profiles and remdesivir treatment. In view of the shortcomings described above, the purpose of the present study was originally proposed to longitudinally and transversally investigate the eicosanoid metabolic fingerprint induced by remdesivir treatment in rats. Furthermore, correlation analysis was investigated between eicosanoids metabolomic and pharmacokinetics. Overall, we provide the first deep interrogation of eicosanoid changes that benefit propitious understanding of how remdesivir interacted with small molecular metabolites. The results of the present study will shed light on how remdesivir combats SARS-CoV-2 virus from the perspective of metabolomic perturbation.
MATERIAL AND METHODS
Chemicals
Both the unlabeled chemical standards and stable isotope labeled internal standards (IS) were obtained from Cayman Chemical. Detailed chemicals were shown in our previous literature (Du et al., 2020). Remdesivir was purchased from DC Chemicals Company. The purity of these standards was ≥98%. HPLC-grade methanol (MeOH), acetonitrile (ACN), and isopropanol (IPA) were utilized for preparing stock or working solutions and mobile phases. Ultrapure water was produced using the Milli-Q reference water purification system.
Experimental Animals
Animal experiments were carried out in accordance with the guidelines for the care and use of laboratory animals (published by the National Institutes of Health, NIH publication number 85–23, revised in 1996). Six (eight-week-old, body weight of 180–220 g) male Sprague–Dawley rats were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Rats were kept in temperature (25 ± 2 °C)/humanity (40–70%)-controlled unidirectional airflow room, and 12 h light on/off cycle was provided.
HPLC-MS/MS System
LC-20ADXR system (Shimadzu, Japan) coupled with QTRAP 5500 spectrometry (SCIEX, Canada) was adopted. Metabolomics was performed in accordance with the previously reported method (Du et al., 2020). The chromatographic column was a Waters HPLC BEH C18 (2.1 × 100 mm, 1.7 μm, Milford, United States) set at 55°C. Detailed parameters of liquid chromatography and mass spectrometry are all shown in Supplementary Table S1 and our previous literature (Du et al., 2020).
Metabolomic Profiling of Remdesivir Treatment
For the longitudinal pharmacometabolomics of remdesivir, animals were accommodated for 1-week prior experiment under controlled environment. Rats were intravenously administered remdesivir dissolved with 12% sulfobutylether-β-cyclodextrin in water at a dose of 5 mg/kg. Blood samples (approximate 500 μl) were collected from ophthalmic veins by sterile capillary into (NaF/K-Ox) tubes before (0 h) and after administration (5, 15, 30 min, 1, 2, 4, 8, 12, 24, and 48 h), and then directly centrifuged to obtain plasma (3,500 rpm, 10 min, 4°C). All plasma samples were kept at −80°C for further analysis.
For the transversal pharmacometabolomics of remdesivir, raw metabolomic data were separated into two parts: before (pre-dose) and after (post-dose) intravenous administration. The metabolomic profiling and trajectory effect of remdesivir were compared and analyzed using various statistical analysis methods.
Sample Preparation
All internal standard (IS) solution was proposed to obtain concentration of 10 ng/ml. Mixed standard solution was prepared as listed in Supplementary Table S1 and diluted gradually using methanol to establish the calculation curve (ranged of 0.005–500 ng/nl). Hence, an aliquot of 20 μl standard mixture was spiked with 10 μl IS mixture, 10 μl water, and 40 μl methanol to prepare the calibration curve samples in succession.
As for the unknown plasma samples, the protein precipitation method was utilized to prepare injection samples as previously reported in our study (Du et al., 2020). Briefly speaking, an aliquot of 20 μl plasma was spiked with 10 μl of IS mixture solution and 50 μl methanol to prepare analytical samples. The resulting mixture was then vortexed for approximate 1 min. After centrifugation at 13, 500 rpm for 10 min at 4°C, the supernatant was collected and infused into the HPLC-MS/MS system.
Pharmacokinetic Analysis of Remdesivir
It is well known that GS-441524 (Nuc) is the main active metabolite of remdesivir. In view of the pivotal role for therapy during the COVID-19 pandemic, a selective, robust, and rapid HPLC-MS/MS method was also developed and fully validated in our previous study (Du et al., 2021). The detailed validation parameters are listed in Supplementary Table S2. Chromatography separation was accomplished on Waters XBrige C18 column (50 × 2.1 mm, 3.5 μm) using gradient elution. The calibration curve was linear in the range of 2–1,000 ng/ml (Nuc). One-step protein precipitation was used for plasma preparation. Pharmacokinetic parameters including Cmax (maximum concentration), AUC (area under the curve), MRT (mean residence time), and CL (clearance) were calculated using Phoenix WinNonLin (Pharsight 8.3, Mountain View, CA) software.
Correlation Analysis Between Metabolomics and Pharmacokinetics
In order to investigate the interplay between metabolomics and drug exposure, correlation analysis was made using the Pearson correlation coefficient. Next, the concentration of Nuc (metabolite of remdesivir) and different metabolite intensities were also correlated. Only connections with a p value of < 0.05 and r ≥ 0.5 were retained, and p < 0.05 was set for statistical significance (Hu et al., 2020). A supervised partial least squares (PLS) model was employed for correlation analysis between metabolic data and pharmacokinetic parameters (e.g., AUC and Cmax).
Quality Assurance for the Analysis
First, for the purpose of ensuring reliable quantitation of all analytes and better comparability in routine analysis, quality control (QC) samples were performed by pooling equal volumes of unknown plasma from all the unknown plasma samples. QC control chart has been employed to assure the data quality. Hence, six aliquots of pooled QCs were prepared and the analytical sequence was interpolated to check the status of the HPLC-MS/MS system.
Second, apart from the prerequisite approach using simulated plasma samples during the analytical batch, the additional solution QC samples were also implemented to obtain reliable results. The calibrations and QCs should be investigated under the acceptance criteria issued by bioanalytical method validation guidance (Evaluation and Research, 2018).
Third, uncertainty of measurement, which consists of type A and type B uncertainty, was simultaneously adopted not only to assure the analytical reproducibility but also to verify if the material analyzed falls in the scope of method validation. The QC solution at concentration of 1 ng/ml (n = 15 with three batches) was prepared and investigated from the aspect of reliable quantitation.
Data Processing and Statistical Analysis
Raw data files were processed and checked by MultiQuant 3.0.1 (SCIEX). The concentrations of analytes were calculated according to the calibration curve. Metabolite values were median-scaled and log-transformed to normalize metabolite distributions, and the unit variance (UV) scale was employed for all datasets. SIMCA-P software 14.1 (Umetrics AB, Umeå, Sweden) was utilized for principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and PLS. Metabolites of interest were picked up according to the values of variable importance in the projections (VIP>1). Metaboanalyst 5.0 (https://www.metaboanalyst.ca/) was also utilized for hierarchical cluster analysis (HCA) and t-test. Quantitative data were analyzed by IBM SPSS 26.0 (Armonk, New York, United States). A p value of ≤0.05 was considered statistically significant.
RESULTS
Overview of Eicosanoid Metabolomics for Remdesivir
The eicosanoid metabolomic method was utilized for present quantitation developed in our laboratory (Du et al., 2020). As shown in Figure 1, 69 eicosanoid metabolites, which contained omega-3– and omega-6–derived polyunsaturated fatty acid (PUFA), were included in present study. All biologically active metabolites can be quantitated after a single injection. The calculation linearity ranged 0.005–500 ng/ml with lower limit of quantification (LLOQ) of 5 pg/ml, which provides powerful capability for successful quantitation of low abundance compounds. Furthermore, other method parameters were all carefully investigated (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Workflow of eicosanoids metabolomics applied in this study.
Longitudinal Metabolic Profiling Analysis of Remdesivir
With respect to the longitudinal metabolic fingerprints of remdesivir, metabolite peak area ratios of all plasma samples from six rats were pooled into statistical dataset. The distance to model (DModX) plot was employed to check the outliers. As described in Figure 2A, only three samples exceed the limit of 2. PCA and OPLS-DA analysis were employed to co-analyze all observations to explore the longitudinal metabolic trajectory of all rats. From the results of Figures 2B,C, plasma samples of individual rat were almost divided into tight clusters, which indicated that the longitudinal metabolic characteristic of individual rat was relatively stable after remdesivir treatment. The metabolic fingerprint changes generated by individuals were larger than the metabolic disturbance induced by remdesivir. The results of Figure 2D indicated each sampling appeared with a special metabolic profile. Differential metabolite correlation heatmaps for plasma samples are illustrated in Figure 2E. Among the eicosanoid cascade metabolites, the metabolites correlated with each other positively or negatively. The high negative correlation was displayed for most of the metabolites. As described in Figure 2F, the VIP of each metabolite was analyzed according to the established OPLS-DA model. The number of VIP > 1 was 5 for all datasets.
[image: Figure 2]FIGURE 2 | Longitudinal eicosanoid metabonomic fingerprints of remdesivir. (A) DModX analysis for data quality. (B) PCA score plots from six rats. (C) OPLS-DA score plots from six rats. (D) Hierarchical cluster heatmap of all metabolites at different time points. The color scales mark relative intensity after normalization and scaling. (E) Differential metabolite correlation heatmaps for plasma samples. The color scale (right) indicates the degree of correlation of metabolites (red-positive correlation, blue-negative correlation). (F) Metabolites of VIP values > 1.
Transversal Metabolomics of Remdesivir
The metabolomic features of plasma samples at baseline (pre-dose) were compared with those at the treated period (post-dose) in order to examine the metabolic phenotype variation caused by remdesivir. For the transversal pharmacometabolomics of remdesivir, Figures 3A,B illustrated all metabolic data from six rats were introduced for unsupervised PCA and OPLS-DA analysis. Although limited metabolic samples were used in the present study at baseline time points, the individuals of both groups were discriminated well in the OPLS-DA model. Moreover, the random permutation test with 100 iterations was employed to investigate validity and predictability of the OPLS-DA model. Figure 3C showed no overfitting was observed for all introduced data [R2 = (0.0, 0.0413), Q2 = (0.0, -0.102)]. In addition, hierarchical cluster analysis was also carried out to investigate transversal metabolic disturbance. As shown in Figure 3D, the metabolites correlated with each other positively (e.g., PGE2, TXB2, 5-HEPE, and DHA) or negatively (e.g., TXB3, 14-HDHA, 15-HEPE, and arachidonic acid). The individual metabolic data are shown in Figure 3E, which indicated that there was a visible discrimination between pre- and post-dosage. The clustering heatmap provided an overview of all eicosanoid in plasma before and after intravenous administration, indicating the fluctuant levels of relative increase (brown) and decrease (blue). To find potential significance of metabolites associated with the treatment of remdesivir, the VIPs were determined in view of the established OPLS-DA model. The VIP values larger than 1 were set the most significant influence, with a plot shown in Figure 3F. A total of seven metabolites were screened out with VIP > 1. Taken together, the above data indicated that remdesivir can perturbate the eicosanoid metabolic profile via cyclooxygenase, cytochrome 450, and lipoxygenase pathways. Inherent metabolic phenotype variations had taken place as a result of the treatment of remdesivir.
[image: Figure 3]FIGURE 3 | Eicosanoid metabolic profiling of remdesivir before and after treatment. (A) PCA score plot; (B) OPLS-DA score plot; (C) Random permutation test with 100 iterations, and no overfitting was observed. (D) Hierarchical cluster analysis of metabolite–metabolite correlation in response of remdesivir treatment. (E) Heatmap clustering of eicosanoid metabolomic profiling before and after treatment by remdesivir. (F) Rank of the different metabolites (the top 10) according to the VIP score and the coefficient score.
Additionally, the metabolic intensity was also compared between pre-dose and post-dose. As shown in Figure 4, the inflammatory- and immunology-related eicosanoids of resolvin D2, 5-HEPE, 5-HETE, and DHA were significantly disturbed and reduced after single administration of remdesivir (p < 0.05, p < 0.001). On the other hand, TXB2 was significantly increased compared with the pre-dose status (p < 0.001).
[image: Figure 4]FIGURE 4 | Metabolic peak area ratio comparation between the pre-dose and post-dose. *p < 0.05, ***p < 0.001, and two-tailed unpaired t-test.
Correlation Study Between Specific Metabolite and Pharmacokinetic Parameters
After intravenous administration, remdesivir is rapidly converted into the active metabolites of Nuc in blood. The tmax of Nuc ranged 0.5–1 h with a median of 0.5 h.
To further explore whether metabolic fingerprint disturbance accompanies the plasma drug exposure, the Pearson correlation analysis was conducted to determine what metabolites highly interplay with this tendency. As shown in Figure 5, the metabolite of PGE2 correlated with Cmax, AUC0-t, AUC0-infinity, CL, and Nuc concentrations significantly (correlation coefficient (r)>0.8, p < 0.05). Figure 5F highlighted the interrelated relationship between 12-HEPE and all concentrations of Nuc despite the lower correlation coefficient. Overall, the Pearson correlation analysis displayed a strong relationship between specific metabolic alterations and pharmacokinetic parameters.
[image: Figure 5]FIGURE 5 | Correlation analysis between metabolites and pharmacokinetic parameters of Nuc. (A) Area ratio of PGE2 vs. Cmax; (B) Area ratio of PGE2 vs. CL; (C) Area ratio of PGE2 vs. AUC0-t; (D) Area ratio of PGE2 vs. AUC0-infinity; (E) Area ratio of PGE2 vs. Nuc concentration (4 h after administration of remdesivir); (F) Area ratio of 12-HEPE vs. Nuc plasma concentrations.
It is reported that AUC and Cmax can be regarded as indicators of drug efficacy or toxicity to some extent (Xing et al., 2019). Therefore, AUC and Cmax were chosen for further PLS model analysis. A supervised PLS model was constructed for its capability to predict PK parameters and identify the relationship between two sets of variables (Xing et al., 2019). Thus, the 16 metabolites were described as one set of variables (X, the predictive variables), while AUC or Cmax was represented as set of variables (Y, the response variables) (An et al., 2021). First, the PCA model was constructed to examine outliers to avoid deviation of prediction. All rats were scattered in the PCA score plot according to the distance to the model plot (Supplementary Figure S1).
Second, the intensities of 16 metabolites were matched to AUC or Cmax of Nuc in the PLS model in order to probably assess the relevance between the X and Y variables (Figure 6). The two-component PLS model is adopted for AUC and Cmax prediction, which indicates a visible positive linear regression (Figure 6A, R2 = 0.8497; Figure 6C, R2 = 0.9185). Figures 6B,D shows the loading plot of the above models, and the relevance between X (triangle) and Y (box). As shown in this loading plot, X variables on the top right or low left corner represent positively or negatively correlated to AUC or Cmax, respectively. Besides, five (AUC) and four (Cmax) VIP > 1.0 X variables were identified due to the contribution of X variables to the PLS model (red triangles, Figures 6B,D), and PGE2 was the most modified metabolite with VIP > 1, p < 0.05 (data not shown).
[image: Figure 6]FIGURE 6 | PLS models of pre-dose metabolic characteristics for predicting PK parameters of Nuc. (A,C) Score plots for the variables of AUC and the Cmax prediction model; a color from blue to red represents the response variable from low to high. (B,D) Loading plots for AUC and the Cmax prediction model. The blue box represents the response variable; each triangle represents a metabolite, and the triangles in red represent the metabolites with VIP >1.0.
Quality Assurance and Uncertainty of Measurement
For the sake of obtaining reliable and reproducible results, several approaches and all sources of fluctuations have been identified and taken to minimize unwanted variation/bias, such as sample handling and preparation, and HPLC-MS/MS system status. As shown in Figure 7A, the peak area ratios of pooled QC plasma samples were clustered under unsupervised PCA analysis. Figure 7B indicated that the fluctuation of pooled QC samples was constantly pertaining to each analyte, which represented that the evenly interspersed pooled QCs were efficacious and robust throughout the analytical procedure.
[image: Figure 7]FIGURE 7 | Quality control performance and uncertainty measurement for the eicosanoid metabolic quantitation. (A) Unsupervised PCA score of pooled QC plasma samples. (B) Control chart of pooled QCs in the present study. (C) Uncertainty of measurement of solution QC sample at a concentration of 1 ng/ml regarding quantitative repeatability and calibration curve.
The “bottom-up” approach was utilized to correctly determine measurement uncertainty (UM). Sources of uncertainty and cause-and-effect diagram during the operating procedure were identified and estimated according to our previously reported literature (Du et al., 2019). In addition to the same operation of stock solution, sample preparation, extraction recovery, HPLC-MS/MS error, the calibration curve, and repeatability were examined using QC solution samples at the concentration of 1 ng/ml. Besides, as descripted in Figure 7C, the uncertainties of measurement were almost constant under present quantitating conditions. The largest uncertainties for repeatability and calibration curves were no more than 0.18 for all analytes. Overall, both the fluctuating control chart and uncertainty of the measurement diagram demonstrate the metabolomic results can be further utilized for statistical analysis.
DISCUSSION
Since the first detection in December 2019, the COVID-19 pandemic has wreaked havoc worldwide. To the best of our knowledge, no investigation is currently available regarding the metabolic perturbations and the relationship between eicosanoid metabolic fingerprint and remdesivir treatment. The main purposes of this research were to explore the eicosanoid metabolic profiling after treatment by remdesivir in rats for better understanding the pathogenesis of COVID-19 and further comprehending the mechanism of remdesivir.
One of the observed common symptoms of COVID-19 is systemic inflammatory response in the lung (e.g., pneumonia, fever, and multi-organ failure) caused by SARS-CoV-2 infection (Azkur et al., 2020; Mehta et al., 2020). Additionally, coronavirus infection led to tissue damage and subsequently triggers endoplasmic reticulum stress response as well as eicosanoid cytokine storms. Eicosanoids stimulate the resolution of inflammation and alleviate systemic hyperinflammatory responses by modulating the endoplasmic reticulum stress response (Mehta et al., 2020). Infectious processes often activate the formation of inflammasomes, which subsequently form an eicosanoid storm composed of pro- and anti-inflammatory mediators, thereby disrupting the time course and resolution of inflammation (Dennis and Norris, 2015). Thus, exploring the eicosanoid metabolic characteristics and mechanism has become a high priority in determining management strategies to block the spread of SARS-CoV-2, and targeting eicosanoids may provide a new therapeutic approach to combat COVID-19.
It is noteworthy that metabolomics can not only provide a nearly instantaneous metabolite measurement but also map specific metabolome during a normal or abnormal physiological condition, which renders metabolomics a powerful means to assess response to drug, disease states, and metabolic effects mediated by infection and immunology (Nicholson et al., 2012; Diray-Arce et al., 2020; Du et al., 2020). Eicosanoids (e.g., prostaglandins, thromboxanes, and leukotriene), which are derived from oxygenated polyunsaturated fatty acids (PUFAs), have been regarded primarily as a pro-inflammatory mediator of inflammation, immunity, and allergy (Hammock et al., 2020). Figure 1 presented the workflow of determination; a volume of 20 μl plasma was utilized for analysis. To fully characterize remdesivir-induced perturbations of eicosanoid metabolites, both the omega-3 and omega-6 sources of metabolites were quantified. After careful chromatography peak double-checking by different experimenters, the raw data were imported to software for further statistical or descriptive analyses. Furthermore, both the longitudinal and transversal metabolomics of remdesivir were evaluated to reveal the metabolic trajectories, and reliable quality assurances through the present study guarantee high-quality data.
In our study, the eicosanoids cascade metabolites assembled together with each rat (Figures 2B,C) after single administration of remdesivir. The most obviously disturbed metabolites shown in Figure 2F included the lipoxygenase pathway (15-HETE, 15-HEPE, 5-HEPE, and 14-HDHA) and cyclooxygenase pathway (TXB2). Of note, these metabolites play a critical role in the physiological and pathological functions of inflammation, immunology, and cytokine production. As previously reported by academics, secondary hemophagocytic lymphohistiocytosis (sHLH) is an hyperinflammatory syndrome and often triggered by viral infections, which lead to unremitting fever, cytopenias, increased interleukin (IL)-2, IL-7, granulogytecolony stimulating factor, and interferon-γ–inducible protein 10 in patients with COVID-19 (Huang et al., 2020; Mehta et al., 2020). Moreover, Schwarz et al. (2020) reported that the levels of free PUFAs and cascade metabolites, such as arachidonic acid (AA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA), were enhanced in the COVID-19–infected cohorts, and the changes of these eicosanoids could discriminate the severe from the moderate disease patients. It is known that plasminogen is the main source of PUFAs in immune and structural cells (Lebrero et al., 2019). When systemic immune cells are activated, PUFAs are released from parent glycolipids and subsequently converted to various immune signaling eicosanoids (Dennis and Norris, 2015). The imbalance among pro-inflammatory, immune-regulating, and pro-resolving eicosanoid mediators can not only affect the efficacy of immune response in the process of infectious and sterile inflammatory diseases but also may contribute to disease progression and further change the status of successful treatment of inflammation (Serhan and Savill, 2005). Nowadays, there is no metabolic research regarding remdesivir treatment from this perspective of eicosanoid metabolic disturbance. Our work first revealed the endogenous metabolites trajectories induced by remdesivir treatment, which will benefit in understanding biological pathways related to antiviral drug and initiate mechanistic hypotheses.
It is known that SARS-CoV-2 possibly stimulates cell debris–induced “eicosanoid storm” which leads to a strong inflammatory response in turn (von Moltke et al., 2012). Some eicosanoids, such as resolvins or EETs, could weaken pathological thrombosis and facilitate clot removal, which is becoming a critical pathology of COVID-19 infection (Panigrahy et al., 2020). In this context, metabolites including TXB2, PGE2, and 5-HEPE were all significantly disturbed with VIP > 1 when remdesivir was administered before and after treatment (Figure 4). Conti et al. (2020) reported that IL-1 induces TXB2 releases in activated neutrophils and macrophages, and causes leukocyte aggregation and inflammation, which would explain the dramatic thrombi formation, platelet aggregation, and organ dysfunction in COVID-19. Moreover, results of targeted lipidomic analysis of bronchoalveolar lavages from COVID-19 patients have shown that leukotrienes, and metabolites derived from AA, EPA, and DPA were all increased (Archambault et al., 2021). In the present study, the metabolic levels of DHA, resolvin D2, 5-HEPE, and 5-HETE were decreased after remdesivir treatment (Figure 4), which may provide considerable mirror for understanding the mechanism of COVID-19 and antiviral drugs. Besides, the decrease of resolvin D2 may weaken the anti-inflammatory action to some extent. The reason for this decrease may be attributed to the limited rats in this study. Given that the pivotal role of eicosanoids in SARS-CoV-2 pathogenesis and therapeutic targets, an open-label, randomized, controlled clinical trial (NCT04335032, 2020) was performed in hospitalized patients with confirmed SARS-CoV-2. This clinical trial was classified into two groups: receiving standard care or providing daily 2 g of EPA capsules. The main endpoints comprised the efficacy of EPA, pro-inflammatory IL-6, mortality rate, ICU stays, and mechanical ventilation. Overall, these inflammatory-related metabolites play an important role for the therapy or prevention in patients with COVID-19.
Prostaglandin E2 (PGE2) is the most investigated COX metabolite in modulating innate and adaptive immune cells, and plays a key role in the contact between the two systems, mediated by antigen-presenting cells (APCs) and T lymphocytes (Rogero et al., 2020). Using an animal model and in vitro analysis, Coulombe et al. (2014) demonstrated that PGE2 production during influenza A virus (H1N1 strain) infection resulted in the inhibition of type 1 IFN and apoptosis of alveolar macrophages, thereby contributing to increased viral replication. In that case, the inhibition of PGE2 enhanced the antiviral response, indicating that the specific inhibition of PGE2 represents a therapeutic pathway for the cure and prevention of influenza and other potential viral infections. In order to evaluate whether the levels of metabolites correlated with blood drug exposure, correlation analysis between metabolites and pharmacokinetic parameters was conducted and shown in Figure 5. As described, PGE2 correlated with Cmax, AUC0-t, AUC0-infinity, and Nuc concentrations positively with r > 0.5 and p < 0.05. Besides, for the parameter of CL, PGE2 exerts negative correlation. HEPEs which derived from EPA displayed a different tendency. With respect to the correlation analysis between metabolic profile and pharmacokinetics, a PLS model was built after PCA analysis. As shown in Figure 6, a stronger relevance was observed whether for AUC or Cmax, which demonstrated that the most disturbed metabolite (e.g., PGE2) may predict drug response or toxicity.
To date, no available investigation is reported regarding the eicosanoid metabolic fingerprint after remdesivir treatment. The results of the present work will provide metabolomic evidence regarding eicosanoids after treatment of remdesivir in vivo. As there have been no effective drug therapy options to treat the SARS-CoV-2 pandemic, although many strengths exist in our study, several limitations had to be mentioned in future works. For instance, a limited number of rats can only provide restricted metabolic data, which may reduce the robustness of the data available in this article. Clinical trials with larger sample sizes will be able to supplement some of the gaps in this study in the future. Second, despite our endeavors to collect blood samples from COVID-19 patients, due to poor sample accessibility, we only examined the metabolomic profiles in healthy rats after a single administration of remdesivir. As reported by Schwarz et al. (2021), compared with the healthy condition, the lipid mediators and eicosanoids were disturbed, including decreased products of ALOX12 (e.g., 12-HEPE, 12-HETE, RvE3, and LXA4) and COX2 (e.g., PGE2, PGD2, PGF2a, TXB2, and 18-HEPE), increase products of ALOX5 (e.g., RvD1-4, LTB4, 5-HEPE, 5-HETE, 7-HDHA, and 7-HDPA), and cytochrome p450 (5,6 DiHETrE, 8,9 DiHETrE, 11,12 DiHETrE, and 14,15 DiHETrE) in human serum. Besides, plasma metabolic results identified 18 metabolites (e.g., LTB4, 9,10-DiHOME, 12,13-DiHOME, PGE2, and PGD2) with statistically significant differences (p < 0.01) with more than four-fold change between healthy controls (n = 44) and COVID-19 patients (n = 6) (McReynolds et al., 2021). Much works, either in vitro or in vivo, may be necessitated to evaluate metabolomic characteristics under virus attack. Additionally, it will be critical to reproduce novel evidences with an external cohort. Accordingly, external validation datasets should be replenished and verified for better illustrating the robust eicosanoid metabolomics. Taken together, with continuous research and technical advancements, eicosanoid metabolic reprogramming will no doubt provide a notable scientific contribution to the innovation in COVID-19 therapy practice.
CONCLUSION
In summary, by means of the robust HPLC-MS/MS targeted method, we first demonstrated eicosanoid metabolic profiles of remdesivir at longitudinal and transversal levels, and correlation with pharmacokinetics. Inherent metabolic phenotype variations of eicosanoids metabolites, such as 15-HETE, 5-HEPE, TXB2, PGE2, and DHA, had turned out after remdesivir treatment. Presently, this study originally provides a systemic and comprehensive eicosanoid metabolomic profiling in rats after intravenous administration of remdesivir, and it also offers strong evidence to the pathology in fighting COVID-19. Collectively, eicosanoid metabolic fingerprint of remdesivir treatment may shed light on therapy development for COVID-19 patients.
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Liver fibrosis is an abnormal proliferation of connective tissue in the liver caused by various pathogenic factors. Chronic liver injury leads to release of inflammatory cytokines and reactive oxygen species (ROS) from damaged hepatocytes, which activates hepatic stellate cells (HSCs) to secrete extracellular matrix proteins, thereby leading to fibrosis. Thus, inhibition of hepatocyte injury and HSC activation, and promotion of apoptosis of activated HSCs are important strategies for prevention of liver fibrosis. In this study, we showed that the germacrone (GER), the main component in the volatile oil of zedoary turmeric, inhibited hepatic fibrosis by regulating multiple signaling pathways. First, GER improved the cell survival rate by inhibiting the production of ROS after hepatocyte injury caused by acetaminophen (APAP). In addition, GER inhibited the activation of HSCs and expression of collagen I by blocking TGF-β/Smad pathway in LX-2 cells. However, when the concentration of GER was higher than 60 μM, it specifically induced HSCs apoptosis by promoting the expression and activation of apoptosis-related proteins, but it had no effect on hepatocytes. Importantly, GER significantly attenuated the methionine- and choline-deficient (MCD) diet-induced liver fibrosis by inhibiting liver injury and the activation of HSCs in vivo. In summary, GER can not only protect hepatocytes by reducing ROS release to avoid the liver injury-induced HSC activation, but also directly inhibit the activation and survival of HSCs by regulating TGF-β/Smad and apoptosis pathways. These results demonstrate that GER can be used as a potential therapeutic drug for the treatment of liver fibrosis.
Keywords: ROS: reactive oxygen species, HSCs: hepatic stellate cells, germacrone, TGF-β/Smad pathway, apoptosis
INTRODUCTION
In recent years, liver fibrosis has become a hot spot in liver disease research, and the complex mechanism of liver fibrosis formation has been revealed from many aspects (Parola and Pinzani, 2019). In the process of liver fibrosis, the dead and dying parenchymal cells release the danger signals, including inflammatory factors, damage associated molecular patterns (DAMPs), and reactive oxygen species (ROS), which can contribute to the activation of the hepatic stellate cells (HSCs) (Pellicoro et al., 2014). The ROS-generating enzymes, NADPH oxidase 1 (NOX1), NOX2, or NOX4, can induce liver fibrosis by activating HSCs (Lan et al., 2015). Importantly, HSCs are the most direct and relevant cell type for the formation of liver fibrosis. They are nonparenchymal cells of the liver, located in the space between liver sinusoidal endothelial cells (LSECs) and hepatocytes, and account for about 10% of the intrinsic cells of the liver (Higashi et al., 2017). Under the physiological conditions, the main function of HSCs is to metabolize and store retinol in lipid droplets in the cytoplasm; HSCs exhibit a nonproliferating quiescent phenotype, quite different from other cell morphologies. When the liver is damaged, the quiescent HSCs are activated and they differentiate into myofibroblasts, which secrete collagen and other components of the extracellular matrix (ECM). This transformation is an important step in the occurrence of liver fibrosis (Tsuchida and Friedman, 2017). The activated HSCs transform the main components of the ECM from type IV collagen, heparan sulfate proteoglycan (HSPG), and laminin (LN) to type I and III collagen, resulting in an increase in the density and hardness of the ECM (Cordero-Espinoza and Huch, 2018).
The activation of HSCs is related to the cytokines such as connective tissue growth factor (CTGF), transforming growth factor (TGF), platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) released by liver parenchymal cells (Yang et al., 2014; Dewidar et al., 2019). TGF-β/Smad signaling is known as the classic HSC activation pathway. Under the stimulation by TGF-β1, the principal transforming growth factor isoform, the overexpressed TGF-β1 binds to HSC surface receptors and mediates the activation of HSCs. Then, the Smad2 and Smad3 are recruited to the TGF-β receptor and finally activated through phosphorylation. The activated Smad complex simultaneously recruits transcription co-activation molecules (such as P300/CBP and MSG1) and co-inhibitory molecules (TGIF and Ski/Sno N). Subsequently, phosphorylated Smad2/3 and Smad4 form a complex and then translocate into the nucleus to regulate the transcription of downstream pro-fibrosis genes, leading to liver fibrosis (Greenwel et al., 1997; Ghosh et al., 2000; Hata and Chen, 2016; Yoshida et al., 2018). In contrast, in the process of feedback regulation, Smad7 acts as a negative regulator (Bian et al., 2014). In addition, TGF-β1 can also activate the mitogen-activated protein kinase (MAPK) signaling pathway to promote HSC activation. TGF-β1 can regulate the activated MAPK signaling pathway, including extracellular signal-regulated kinase (ERK), P38 MAPK, and c-Jun N-terminal kinase (JNK), thereby promoting HSC activation (Engel et al., 1999; Hanafusa et al., 1999; Hernandez-Aquino and Muriel, 2018). Therefore, blocking HSC activation and promoting HSC apoptosis may be the strategies to prevent liver fibrosis.
The Liuweiwuling tablet, a traditional Chinese medicine preparation, has a significant effect on the treatment of liver fibrosis (Liu et al., 2018). Zedoary turmeric oil, the main medicinal material of Liuweiwuling prescriptions, has a significant antifibrotic effect (Jiang et al., 2005). In this study, we found that germarcone (GER), one of the main components of the volatile oil of zedoary turmeric, inhibited hepatic fibrosis by regulating multiple signaling pathways. We demonstrated that GER ameliorates liver fibrosis by inhibit the survival and activation of HSCs through apoptosis and TGF-β/Smad pathway in vitro. We further found that GER is able to reduce the release of ROS caused by APAP in L02, which plays an important role in protecting hepatocytes. Finally, GER also improves liver injury and prevents liver fibrosis through TGF-β/Smad pathway caused by methionine- and choline-deficient (MCD) diet.
MATERIALS AND METHODS
Reagents and Antibodies
Reagents: germacrone (TOPSCIENCE, T2945), acetaminophen (APAP, MCE, HY-66005), N-acetyl-L-cysteine (NAC, MCE, HY-B0215), hydrogen peroxide solution (H2O2, Sigma, 323381), Dulbecco’s modified Eagle medium (DMEM, Macgene, CM10013), fetal bovine serum (FBS, Biological Industries, 04-001-1ACS), 1% penicillin–streptomycin (Macgene, CC004), 0.25% trypsin-EDTA (Macgene, CC012.100), 0.05% trypsin-EDTA (Macgene, C01712), TGF-β1 (PeproTech, AF-100-21C), Cell Counting Kit-8 (CCK-8, Dojindo, CK04), PE Annexin V Apoptosis Detection Kit I (BD Pharmingen™, 559763), MitoSOX™ red mitochondrial superoxide indicator (Invitrogen™, M36008), Carboxymethyl Cellulose-Na(CMC-Na, SCR, 9004-32-4), and methionine- and choline-sufficient, methionine- and choline-deficient (MCS/MCD, Dyets, MCDAA).
Antibodies: COL1A1 (R&D, AF6220), α-SMA (CST, 19245), P-Smad3 (CST, 9520), Smad3 (CST, 9523), PARP (CST, 9542S), cleaved PARP (CST, 5625S), caspase-3 (CST, 9665S), cleaved caspase-3 (CST, 96615), Bcl-2 (Abcam, ab32124), Bax (Abcam, ab32503), and GAPDH (GeneTex, GTX100118).
Cell Culture and Treatment
LX-2 human HSCs were purchased from Shanghai YuBo Biotechnology Co., Ltd. (YB-H3614), whereas human hepatocyte LO2 cells were kindly provided by Dr. Tao Li from National Center of Biomedical Analysis (Beijing, China). All the cells were cultured in 5% CO2 incubator at 37°C using DMEM containing 10% FBS and 1% penicillin–streptomycin.
Cell viability test: LX-2 at 2.5 × 104 cells/well and LO2 at 2 × 104 cells/well were seeded in 96-well plates overnight. Then, the cells were incubated with different concentrations of GER (0–200 μM) for 24 h, and the cell viability was detected by CCK-8.
Drug effect detect: LX-2 at 7.5 × 104 cells/well were seeded in 24-well plates overnight. The LX-2 cells were starved with serum-free medium for 18 h. Then, the cells were pretreated with 10, 20, and 40 μM GER for 1 h. After stimulation with TGF-β1 (10 ng/ml) for 24 h, the cell lysate was collected for western blot and RT-qPCR analysis.
LX-2 cells at 7.5 × 104 cells/well were cultured in 24-well plates overnight. The cells were treated with 40–120 μM GER for 24 h, and the cell lysate was collected for western blot analysis. Alternatively, after the same treatment, the cells were collected and stained in line with the PE Annexin V Apoptosis Detection Kit I instructions, and the apoptotic cells were detected by flow cytometry.
LO2 cells at 6 × 104 cells/well were seeded in a 24-well plate overnight. The cells were pretreated with 10, 20, and 40 μM GER for 12 h, and then incubated with 20 mM APAP for 12 h. All the cells were collected and stained with MitoSOX red mitochondrial superoxide indicator. Finally, the mitochondrial ROS was detected by flow cytometry.
Mouse Model of Liver Fibrosis
Male C57BL/6 mice (6–7 weeks old) were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). They were placed in the animal experiment center of the Fifth Medical Center of Chinese PLA General Hospital, Beijing 100039, China. This study was reviewed and approved by the animal ethics committee of the Fifth Medical Centre, Chinese PLA General Hospital (Beijing, China). All animals were fed adaptively under controlled temperature (25 ± 3 °C) and 12-h dark/light cycle, during which sufficient food and water were provided. GER for the in vivo study was prepared with PBS containing 1% DMSO and 0.5% CMC-Na.
The animal model of liver fibrosis was developed using the MCS/MCD diet. All the mice were divided into five groups (n = 8). The control group was fed MCS diet and four experimental groups were fed MCD diet. Two weeks before the development of the model, all of the groups were fed MCS diet for transition, and then the experimental group gradually increased MCD diet. Two weeks later, the experimental groups were fed only MCD diet and began to receive drug treatment at the same time. The control group and the model group were given vehicle solvent, the positive drug group was given 0.2 mg/ml colchicine (COL), and the two treatment groups were given 25 or 50 mg/kg GER. The dosage of administration was 0.2 ml for per mouse through intragastric gavage (ig) every day for 6 weeks, and they were weighed twice a week. After the last administration, the mice fasted for 12 h and were killed by neck dislocation. The serum and liver were collected for detection and analysis.
Liver Function Parameter Tests
The levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serum were detected in line with the instructions of AST (Nanjing JianChen Bioengineering Institute, C010-2-1) and ALT (Nanjing JianChen Bioengineering Institute, C009-2-1) kits.
Liver Fibrosis Parameter Tests
The levels of hydroxyproline (Hyp) and PIIINP (procollagen type III N-terminal propeptide) were detected in line with instructions of ELISA Kit for hydroxyproline (Cloud-Clone Corp, CEA621Ge) and mouse procollagen type III N-terminal propeptide ELISA Kit (Novus Biologicals, NBP2-81204).
Histological and Immunohistochemical Assays
The liver tissue was fixed with 10% formalin solution, embedded in paraffin, cut into 7-mm-thick sections, and stained with hematoxylin-eosin (HE) and Masson. For immunohistochemical staining, the paraffin-embedded sections were incubated with the primary antibodies α-SMA and COL1A1, followed by incubation with the HRP-linked secondary antibodies. Finally, the quantitative analysis of α-SMA and COL1A1 were performed using K-Viewer software (K-Viewer V1, 1.5.3.1, KFBIO).
Western Blot Analysis
The collected total cellular proteins were separated by 10% SDS-PAGE gel electrophoresis and transferred to the polyvinylidene fluoride (PVDF) membrane, which was blocked with 5% skimmed milk for 1 h. Then, the membrane was incubated with the following antibodies: COL1A1, α-SMA, P-Smad3, Smad3, caspase-3, cleaved caspase-3, PARP, cleaved PARP, Bcl-2, and Bax. The GAPDH was used as a loading control. After incubating the linked-HRP secondary antibody, the bands were visualized using an ECL detection reagent and then develop it with the film.
We added 50 mg of liver tissue to 1 ml of RIPA lysate (including protease inhibitor) and homogenized at the frequency of 100 Hz for 90 s. The tissue lysate was placed on ice for 30 min and the supernatant was absorbed. The protein level was quantified by the cellular western blot method, and the following antibodies were incubated: α-SMA, Smad3, and P-Smad3. The β-actin was used as the loading control. After incubating the linked-HRP secondary antibody, the bands were visualized using an ECL detection reagent and then develop it with the film.
Quantitative Real-Time Polymerase Chain Reaction
TRlzol (Sigma, 93289) was used to extract cell total RNA or tissue total RNA in line with the manufacturer’s protocol. Then, we reversed the extracted RNA to cDNA by RT Master Mix for qPCR (MCE, HY-K0510). Real-time PCR was performed with an Applied Biosystems ViiA6 Real-time PCR system using the SYBR Green qPCR Master Mix (MCE, HY-K0501). The PCR primer sequences are shown in Tables 1, 2. The expression of related genes was calculated by ΔΔCt relative to GAPDH.
TABLE 1 | Human primers for quantitative real-time PCR analysis.
[image: Table 1]TABLE 2 | Mouse primers for quantitative real-time PCR analysis.
[image: Table 2]Data and Statistical Analysis
The data were presented as the mean ± standard error of mean (SEM). GraphPad Prism 5.0 (GraphPad Software, San Diego RRID:SCR_002798) was used for statistical analysis. A two-tailed unpaired Student’s t test for two groups or one-way ANOVA for multiple groups was conducted to evaluate the significant differences. A p-value < 0.05 was considered statistically significant.
RESULTS
Screening of Effective Components Inhibiting HSC Activity in Zedoary Turmeric Oil
We found that the Liuweiwuling tablet, a prescription of traditional Chinese medicine, inhibited hepatic fibrosis in rats treated with carbon tetrachloride, and it was reported that zedoary turmeric oil was the main antifibrotic ingredient (Wu et al., 2010). Therefore, we screened out the component in zedoary turmeric oil that affected the activity of HSC in TGF-β1-induced LX-2 (Figure 1A). The western blot results showed that both GER and curdione (CUR) had more obvious inhibitory effect on the expression of collagen I than the other components. And the curcumol was reported to have anti-fibrotic effect (Jia et al., 2018). Furthermore, we examined the effects of GER and CUR on the viability of L02 and LX-2 cells. The results showed that CUR (10–200 μM) did not affect the viability of L02 and LX-2 cells (Figures 1B,C). Although GER (10–200 μM) did not affect the viability of L02 cells, higher concentrations of GER (60–120 μM) inhibited the viability of LX-2 cells (Figures 1D,E); therefore, we continued to study the related effects of GER on LX-2 cells.
[image: Figure 1]FIGURE 1 | Screening the effective components in zedoary turmeric oil which inhibit the activity of HSCs. (A) LX-2 cells were treated with Zedoary turmeric oil (0.2 μL/ml) and Curcumin, Curcumol, Germarcone (GER), Curzerene, Curcumenol, Isocurcumenol, and Curdione (CUR) (40 μM) for 25 h, and then were stimulated by TGF- β (10 ng/ml) for 24 h. The expression of collagen I was detected by western blot, and GAPDH was used as the loading control. (B) L02 cells were treated with CUR for 24 h, then the cell viability was detected by CCK-8 (n = 3). (C) LX-2 cells were treated with CUR for 24 h, then the cell viability was detected by CCK-8 (n = 3). (D) L02 cells were treated with GER for 24 h, then the cell viability was detected by CCK-8 (n = 3). (E) LX-2 cells were treated with GER for 24 h, then the cell viability was detected by CCK-8 (n = 3). All the results were compared with control group. All data are presented as means ± SEM. ***p < 0.001 vs. the control group.
GER Inhibits the Activation of HSCs in vitro by Targeting the TGF-β/Smad Signaling Pathway
To explore whether GER could inhibit the activation of HSCs by blocking the TGF-β/Smad signaling pathway, we conducted related experiments on LX-2 cells. First, the effect of GER on the viability of LX-2 cells was measured; the results showed that the concentration of GER below 60 μM had no cytotoxic effects on LX-2. To avoid the influence of cytotoxicity on the experimental results, the concentration of GER below 60 μM was selected for in vitro experimental research. Western blot analysis showed that GER reduced the TGF-β1–induced protein level of p-Smad3 and Smad3 in a dose-dependent manner, which directly regulating the expression of α-SMA and collagen I proteins in LX-2 (Figures 2B–E). furthermore, The RT-qPCR analysis revealed that GER significantly decreased the mRNA level of Smad3 and also reduced the mRNA level of its downstream genes ACTA2, MMP-2, and COL1A1 (Figures 2F–I). These results indicated that GER can inhibit the activation of HSCs and the expression of ECMs through the TGF-β/Smad3 signaling pathway.
[image: Figure 2]FIGURE 2 | GER suppresses TGF-β induced HSCs activation by inhibiting TGF-β/Smad signaling pathway. (A) The molecular structure of GER. (B) Western blot for collagen I, P-Smad3, Smad3, α-SMA protein level in LX-2, and GAPDH was used to as the loading control. (C–E) Quantitative analysis of collagen I, P-Smad3, Smad3, α-SMA, and GAPDH expression (n = 3). (F-I) Quantitative real-time PCR analysis of COL1A1, Smad3, ACTA2, and MMP-2 mRNA expression in LX-2. The ΔΔCt method was used to quantify relative changes (n = 3). All data are presented as means ± SEM. #p < 0.05, ###p < 0.001 vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the TGF-β group. NS, non-significant vs. the TGF-β group.
GER Inhibits the Survival of HSCs by Regulating Apoptotic Pathway in vitro
Previously, we observed that GER (10–40 μM) inhibited the activation of LX-2 cells; however, when the concentration of GER increased, it significantly inhibited the viability of LX-2 cells. Therefore, we explored the role of GER (40–120 μM) in apoptosis of LX-2 cells. First, flow cytometry was used to detect and analyze the proportion of apoptotic cells after GER treatment. The results showed that the proportion of early apoptotic cells (in the upper right quadrant, Q2) and the mid and late apoptotic cells (in the upper left quadrant, Q3) in the GER group were increased in a dose-dependent manner compared with those in the control group, indicating that apoptosis of LX-2 was promoted only by higher concentrations of GER (60–120 μM) (Figures 3A,B). Furthermore, we detected the expression of relevant apoptotic proteins in LX-2 cells. Poly ADP-ribose polymerase (PARP), a DNA repair enzyme and the main cleavage substrate of caspase-3, is the core member of the apoptosis pathway; it plays an important role in DNA damage repair. Namely, the PARP substrate is cleaved by caspase-3 and becomes a form of cleaved PARP that loses its enzymatic activity (Morris et al., 2018). The increased cleaved PARP accelerates cell apoptosis. At the same time, Bax/Bcl-2 ratio is also important. Bax is a proapoptotic protein, which is antagonistic to Bcl-2 (Moldoveanu et al., 2020). In our study, western blot analysis was used to detect the expression of apoptotic proteins; we showed that GER (60, 80, 100, 120 μM) promoted the expression of cleaved PARP and cleaved caspase-3 proteins, and inhibited the expression of antiapoptotic protein Bcl-2 (Figures 3C–F). These results revealed that GER inhibited the survival of HSCs by regulating the apoptotic pathway in a dose-dependent manner.
[image: Figure 3]FIGURE 3 | GER promotes the apoptosis of HSCs. (A) Flow cytometric analysis of PI-stained apoptotic cells, and the cells in the upper right quadrant (Q2) were early apoptotic cells, and the cells in the upper left quadrant (Q3) were mid and late apoptotic cells. The apoptotic cells contained early, mid and late apoptotic cells. (B) Quantitative analysis of different group apoptotic cells after treatment with GER (n = 3). (C) Western blot for cleaved PARP, PARP, cleaved Caspase-3, Caspase-3, Bcl-2, Bax protein level in LX-2, and GAPDH was used as the loading control. (D–F) Quantitative analysis of cleaved PARP vs PARP, cleaved Caspase-3 vs. Caspase-3 and Bcl-2 vs Bax expression (n = 3). All data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group. NS, non-significant vs. the control group.
GER Protects Hepatocytes by Inhibiting the Production of Mitochondrial ROS in vitro
It has been reported that GER may protect hepatocytes (Hashem et al., 2021). In our study, we explored the hepatoprotective effects of GER in APAP cellular damage model. According to the results of preliminary experiments, the cells were treated with 20 mM APAP or 600 μM H2O2 to induce the hepatocyte damage model and then incubated with different concentrations (10, 20, and 40 μM) of GER. Cell viability was detected 24 h later. The results showed that GER increased the cell survival rate of LO2 cells after APAP or H2O2 treatment in a dose-dependent manner, confirming the protective effect of GER on hepatocytes (Figures 4A,B). APAP mainly causes mitochondrial oxidative stress to produce ROS, which leads to mitochondrial damage and thus induces liver cell apoptosis. Therefore, we explored whether GER can inhibit the generation of ROS caused by APAP and protect hepatocytes. The MitoSOX red mitochondrial superoxide indicator (Ex/Em: 510/580 nm) was used to stain the cell mitochondrial ROS, followed by detection and analysis through flow cytometry. The flow cytometric results showed that APAP promoted the production of mitochondrial ROS, and the administration of GER was able to inhibit the production of mitochondrial ROS (Figures 4C,D), demonstrating that GER protected hepatocytes from damage by inhibiting the production of mitochondrial ROS.
[image: Figure 4]FIGURE 4 | GER protects the hepatocyte by inhibiting the release of mitochondrial ROS in vitro. (A) L02 cells were treated with APAP (20 mM) for 12 h, and then were treated with GER or NAC for 24 h, then the cell viability was detected by CCK-8 (n = 3). (B) L02 cells were treated with H2O2 (600 μM) for 12 h, and then were treated with GER or NAC for 24 h, then the cell viability was detected by CCK-8 (n = 3). (C) Quantitative analysis of different group mitochondrial ROS release (n = 3). (D) Flow cytometric analysis of the cell proportion of mitochondrial ROS in L02. The NAC was used as positive control, every group was treated with APAP except for control group. All data are presented as means ± SEM. ###p < 0.001 vs. the control group. **p < 0.01, ***p < 0.001 vs. the APAP group.
GER Ameliorates MCD Diet-Induced Liver Function and Tissue Damage
To explore the role of GER in the process of liver fibrosis, C57BL/6 mice were fed the MCD diet to induce liver fibrosis, and the MCS diet was used for comparison. As shown in Figure 5, compared with the MCS diet group, the liver surface in the MCD model group was rougher, with many nodular textures, and yellowish in color, which situations in GER treatment group were improved effectively (Figure 5A). Similarly, histopathological staining (H&E and Masson) revealed that the liver sections of the MCD diet model group were severely damaged, exhibiting vesicular steatosis, ballooning degeneration of hepatocytes, and fibrosis around hepatocytes and sinuses in the liver; in contrast, the GER group had less liver damage, less steatosis, and less fibrosis (Figures 5A,B). In addition, the weight of the mice on the MCD diet, especially in the MCD model group, showed a downward trend compared with the MCS diet group. After treatment with GER in MCD diet, the weight first showed a tendency to decrease and then to increase, demonstrating that the body function of the mice in the MCD diet group was restored after the administration of GER (Figure 5C). The serum levels of ALT and AST in the MCD model group were significantly higher than those in the control group; in contrast, the levels of ALT and AST were significantly reduced after GER administration, indicating that GER ameliorated liver damage caused by the MCD diet (Figures 5D,E).
[image: Figure 5]FIGURE 5 | GER ameliorates MCD diet-induced liver tissue and function damage. (A) Representative images of the liver and representative images of the liver sections stained with haematoxylin and eosin (H&E, scale bars, 50 μm) and masson (scale bars, 100 μm). Colchicine (COL) was used as positive control, GER L: the low dose (25 mg/kg) of GER group, GER H: the high dose (50 mg/kg) of GER group. (B) Quantification of masson changes in different treatment groups (n = 6). (C) The weight changes of mice in different group for per 7 days (D,E) Serum alanine transaminase (ALT) and aspartate transaminase (AST) levels (n = 8). All data are presented as means ± SEM. ###p < 0.001 vs. the MCS group. ***p < 0.001 vs. the model group.
GER Inhibits the Activation of HSCs by Regulating TGF-β/Smad Signaling in MCD Diet-Induced Liver Fibrosis Model
Hydroxyproline is a characteristic biochemical marker that can be used to quantify the content of collagen in tissues, which is often used to indicate the degree of liver fibrosis (Lee et al., 2005; Gjaltema and Bank, 2017). PIIINP is a cleavage product of procollagen III, which can be detected in serum and used as a circulating biomarker of ECM remodeling in the process of liver fibrosis (Mosca et al., 2019). Therefore, we detected the content of hydroxyproline in the tissue and PIIINP in serum. The results showed that the levels of hydroxyproline and PIIINP in the MCD model group were higher than those in the MCS group, whereas the concentration of hydroxyproline in the tissue and PIIINP in serum were significantly decreased in the GER group, indicating that GER had an antifibrotic effect (Figure 6A,B).
[image: Figure 6]FIGURE 6 | GER inhibits the activation of HSCs via TGF-β/Smad signaling pathway in MCD diet-induced liver fibrosis model. (A) The content of hydroxyproline in liver tissue (n = 8). (B) The serum content of PⅢNP (n = 8−11). (C) Immunohistochemistry for α-SMA and COL1A1 in liver sections (scale bars, 100 μm). (D–E) Quantification of α-SMA and COL1A1 expression in different treatment groups (n = 6). (F) Western blot for α-SMA and Smad3 protein levels in liver tissue, and β-actin was used as the loading control (n = 4). (G) Quantitative analysis of α-SMA and β-actin expression (n = 4). All data are presented as means ± SEM. ###p < 0.001 vs. the MCS group. *p < 0.05, ***p < 0.001 vs. the model group.
To further clarify the role of GER in the MCD diet-induced liver fibrosis model, immunohistochemical staining was used to analyze the expression of α-SMA and COL1A1 in liver tissues. We found a large amount of COL1A1 accumulation in the liver tissue of the MCD model group compared with the MCS group, while the distribution of COL1A1 was significantly reduced in the GER group, indicating that GER was able to reduce the expression of COL1A1 in liver fibrosis and reduce the deposition of collagen in fibrotic tissue (Figures 6C–E). We also detected the distribution of α-SMA, a marker of HSC activation, in the tissues. The results showed that compared with the MCD model group, the distribution of α-SMA in the liver tissues was reduced after the administration of GER (Figures 6F–G), demonstrating that GER was able to inhibit the expression of α-SMA and block HSC activation in mice with liver fibrosis. Furthermore, we extracted RNA from liver tissue and detected the expression of COL1A1 and ACTA2 genes by RT-qPCR. Consistent with the immunohistochemical results, the expression levels of COL1A1 and ACTA2 in the mice liver tissues of the GER group were lower than those of the MCD model group (Figures 7A,B). Therefore, it was evident that GER inhibited the activation of HSCs in MCD diet-induced fibrosis, reduced the expression of COL1A1, and thereby improved liver fibrosis.
[image: Figure 7]FIGURE 7 | GER inhibits the activation of HSCs via TGF-β/Smad signaling pathway in MCD diet-induced liver fibrosis model. (A–D) Quantitative real-time PCR analysis of ACTA2, COL1A1, TGF-β, and Smad3 mRNA expression in liver tissue (n = 6). All data are presented as means ± SEM. ###p < 0.001 vs. the MCS group. *p < 0.05, ***p < 0.001 vs. the model group.
The TGF-β/Smad signaling pathway activation is the main pathway for HSC activation and ECM generation. To explore the cause of liver fibrosis in the MCD diet model and the mechanism of GER against liver fibrosis, we determined the content of TGF-β in serum and tissues. The results of RT-qPCR showed that the TGF-β levels in liver tissue in the MCD model group were significantly higher than those in the MCS group and the GER group (Figure 7C), indicating that the increase in the TGF-β level was the main cause of liver fibrosis induced by MCD diet. In addition, the GER group significantly reduced Smad3 protein expression compared with the MCD model group (Figure 7D). The above results demonstrated that GER was able to reduce the increase in TGF-β levels caused by MCD diet and to suppress the activation of HSCs through the TGF-β/Smad signaling pathway.
DISCUSSION
Fibrosis is a part of the wound healing response after catastrophic tissue damage, which maintains the integrity of organs, but can also lead to a variety of human pathological conditions, including cirrhosis (Bataller and Brenner, 2005; Lee et al., 2015). The reversal and treatment of liver fibrosis is an important means to reduce the severity of chronic liver disease; therefore, there is an urgent clinical need to develop an effective antifibrotic drug (Iredale, 2007; Roehlen et al., 2020). GER, which was screened out from zedoary turmeric oil in this study, is a kind of open double-ring sesquiterpene compound with ketone group in turmeric plants (An and Jang, 2020); it has numerous physiological activities and great medicinal potential, including anti-inflammatory, anti-virus, anti-tumor, and anti-oxidant effects (Aggarwal et al., 2013; An and Jang, 2020). In the last years, the mechanisms of antifibrotic effect were investigated. The results showed that the activation of HSCs into proliferative fibro/myo-fibroblasts has been found to be the central factor of liver fibrosis, and they found that the expression of α-SMA, a HSCs activation marker, and collagen I were increased after stimulating by TGF-β1 (Dewidar et al., 2019). However, few studies reported the effect of GER on liver fibrosis. In this study, GER inhibited the expression of α-SMA in TGF-β1-stimulated LX-2, indicating that the activation of HSCs might be prevented by GER.
TGF-β1, the most powerful fibrocytokine in the microenvironment of liver fibrosis (Hellerbrand et al., 1999), exerts its biological activity via the Smad signaling pathway. Smad signal transduction pathways mediated TGF-β1-induced collagen synthesis through the phosphorylating Smad2/3, which can translocate to the nucleus to regulate the target genes, and thus play a crucial role in the development of liver fibrosis (Roberts et al., 2006). To explore whether GER regulates liver fibrosis through TGF-β/Smad signaling pathway, the GER attenuated TGF-β1-induced LX-2 fibrosis was used. Ours results showed that both the protein level of phosphorylating Smad3 and Smad3 were decreased after GER treatment. Furthermore, the mRNA level of Smad3 and its downstream gene ACTA2, COL1A1, and MMP-2 were also downregulated. These results indicated that inhibiting of TGF-β/Smad signaling pathway may be a key mechanism to GER exerts its anti-fibrotic effect in TGF-β1-induced LX-2.
Inducing apoptosis of HSCs and inhibiting the survival of HSCs are also important mechanisms of anti-hepatic fibrosis. Various growth factors released by damaged hepatocytes are the main reasons for the rapid proliferation and activation of HSCs. On the one hand, the proliferation of HSCs is positively regulated by PDGF, on the other hand, it inhibits its apoptosis (Tsuchida and Friedman, 2017). Therefore, we can also inhibit the survival of HSCs by promoting the apoptosis of HSCs. It was reported that Gliotoxin promotes the apoptosis of HSCs by activating Caspase 3 and consuming ATP, thus improving liver fibrosis in rats (Dekel et al., 2003). Ours results showed that the dose of GER plays a regulatory effect on HSCs. At the low dose (lower than 40 μM), GER can inhibit the activation of HSCs through the TGF-β/Smad signaling pathway. However, when the concentration of GER is in the range of 60–120 μM, it can promote the apoptosis of HSCs by upregulating Cleaved-caspase 3 protein expression and inhibiting anti-apoptotic protein Bcl-2 expression as well as has no toxic effect on hepatocytes. These indicates that GER has a dual effect on HSCs, inhibiting the activity of HSCs in the therapeutic concentration range to exert an antifibrotic effect. When the concentration of GER increases, it can induce programmed apoptosis of HSCs, which can effectively inhibit the survival of HSCs in the process of fibrosis.
Liver injury contributes to liver fibrosis where hepatocytes change their gene expression and secretion profile in response to such injury, and the newly expressed fibrogenic factors including TGF-β and NADPH oxidase 4 (Lan et al., 2015; Wang et al., 2016). Nox4 mediates the synthesis of ROS that is also one of the reasons for the activation of HSCs (Novo et al., 2011). A large number of studies have shown that most of liver fibrosis in vivo, including CCl4, alcohol, Thioacetamide (TAA) and nonalcoholic steatohepatitis (NASH), injured hepatocytes proposed to play a causative role in the induction of liver fibrosis (Ramos-Tovar and Muriel, 2020). Furthermore, it was found that HSCs cultured with ROS produced by stimulated neutrophils showed that an increased level of procollagen mRNA and protein (Casini et al., 1997). Therefore, ROS is also the one of the accomplices in liver fibrosis. In this study, APAP was used to produce ROS in L02, and we found that GER can protect hepatocytes and reduce the release of ROS from injured hepatocytes in vitro. And in vivo experiment showed that GER significantly improved the state of liver injury in mice with lower serum aminotransferase subjected level to MCD-diet group; through observing the pathological sections, we found that the hepatocytes with fatty degeneration and fat vacuoles of steatosis in the GER group were significantly less common. All these findings indicate that GER may not only directly prevent the damage of parenchymal cells, but also inhibit the activity of stellate cells by inhibiting the release of damage substances and ROS to attenuate liver fibrosis.
So according to in vitro study, We found that the effect of GER on attenuating liver fibrosis can be explained from two aspects. On the one hand, its direct effect is to inhibit the activation and survival of HSCs. In terms of what they have in common, they all act directly on HSCs to inhibit liver fibrosis, but the difference is that the concentration of GER effect is different, and the mechanism is also different. On the other hand, GER can indirectly prevent liver fibrosis by protecting hepatocytes. At the same time, the two effects of GER inducing HSCs apoptosis and GER protecting hepatocytes are synergistic in preventing liver fibrosis.
MCD-diet mice is a well-established nutritional model of liver fibrosis with serum aminotransferase elevation, and liver histological changes similar to human Non-alcoholic steatohepatitis (Li et al., 2018). To explore the effect of GER on hepatic fibrosis, a MCD-diet model of liver fibrosis was investigated. According to related research, MCD-diet can lead to abnormal liver metabolism, massive fat accumulation and weight loss (Li et al., 2020). But in our study, the mice weight showed that GER could prevent MCD-diet induced weight loss, and we detected lower level of ALT and AST in GER group, in addition, histopathological analysis showed that there was less vesicular steatosis, ballooning degeneration of hepatocytes, and fibrosis around hepatocytes and sinuses in the liver of the GER group. Consistent with in vitro data, GER could protect liver through reducing the release of ROS produced by damaged hepatocytes. These results indicated that GER may reduce liver injury, balance the level of oxidative stress in the liver, and then improve the liver function to play the anti-fibrotic effect.
Levels of hydroxyproline and PIIINP in liver are the important indicators reflecting the degree of liver fibrosis. In our study, MCD-diet mice showed increased levels of hydroxyproline and PIIINP in liver, which were significantly decreased after GER administration. Therefore, we further explored the anti-fibrotic mechanism of GER in vivo. Immunohistochemical analysis showed that there were a large number of α-SMA and COL1A1 proteins distributed in MCD-diet mice liver, but both of them were decreased after GER treatment. This phenomenon was consistent with the results of our in vitro experiments, which further confirmed that GER inhibited the activity of HSCs. RT-qPCR analysis showed that the gene level of TGF-β was upregulated in MCD-diet mice liver, at the same time, its transduction signal pathway Smad 3 and its downstream genes ACTA2 and COL1A1 were also upregulated, which indicating that TGF-β/Smad signaling pathway was a important mechanism in MCD-diet induced liver fibrosis. However, GER could reduce the expression of TGF-β, Smad 3, ACTA2 ,and COL1A1 genes, so that inhibited TGF-β/Smad signaling pathway. The same results had been confirmed on LX-2.
In conclusion, we found GER could attenuate liver fibrosis through regulating multiple signaling pathways, the first was to inhibit the activity of HSCs through TGF-β/Smad signaling pathway, the second was to protect the liver, reduce hepatocytes injury and liver oxidative stress, and avoid ROS-induced the activation of HSCs. Finally, the survival of HSCs was inhibited through apoptosis pathway. To a certain extent, GER may be used in the treatment of clinical chronic hepatic fibrosis.
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Allium victorialis L. Extracts Promote Activity of FXR to Ameliorate Alcoholic Liver Disease: Targeting Liver Lipid Deposition and Inflammation
Zhen-Yu Cui1†, Xin Han2†, Yu-Chen Jiang1, Jia-Yi Dou1, Kun-Chen Yao1, Zhong-He Hu1, Ming-Hui Yuan1, Xiao-Xue Bao1, Mei-Jie Zhou1, Yue Liu1, Li-Hua Lian1, Xian Zhang3*, Ji-Xing Nan1,4* and Yan-Ling Wu1*
1Key Laboratory for Traditional Chinese Korean Medicine of Jilin Province, College of Pharmacy, Yanbian University, Yanji, China
2Chinese Medicine Processing Centre, College of Pharmacy, Zhejiang Chinese Medical University, Hangzhou, China
3Agricultural College, Yanbian University, Yanji, China
4Clinical Research Center, Affiliated Hospital of Yanbian University, Yanji, China
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Tao Pang, China Pharmaceutical University, China
Chengmu Hu, Anhui Medical University, China
Di Wang, Jilin University, China
* Correspondence: Yan-Ling Wu, ylwu@ybu.edu.cn; Ji-Xing Nan, jxnan@ybu.edu.cn; Xian Zhang, zhangxian@ybu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 09 July 2021
Accepted: 09 August 2021
Published: 08 October 2021
Citation: Cui Z-Y, Han X, Jiang Y-C, Dou J-Y, Yao K-C, Hu Z-H, Yuan M-H, Bao X-X, Zhou M-J, Liu Y, Lian L-H, Zhang X, Nan J-X and Wu Y-L (2021) Allium victorialis L. Extracts Promote Activity of FXR to Ameliorate Alcoholic Liver Disease: Targeting Liver Lipid Deposition and Inflammation. Front. Pharmacol. 12:738689. doi: 10.3389/fphar.2021.738689

Allium victorialis L. (AVL) is a traditional medicinal plant recorded in the Compendium of Materia Medica (the Ming Dynasty). In general, it is used for hemostasis, analgesia, anti-inflammation, antioxidation, and to especially facilitate hepatoprotective effect. In recent years, it has received more and more attention due to its special nutritional and medicinal value. The present study investigates the effect and potential mechanism of AVL against alcoholic liver disease (ALD). C57BL/6 mice were fed Lieber–DeCarli liquid diet containing 5% ethanol plus a single ethanol gavage (5 g/kg), and followed up with the administration of AVL or silymarin. AML12 cells were stimulated with ethanol and incubated with AVL. AVL significantly reduced serum transaminase and triglycerides in the liver and attenuated histopathological changes caused by ethanol. AVL significantly inhibited SREBP1 and its target genes, regulated lipin 1/2, increased PPARα and its target genes, and decreased PPARγ expression caused by ethanol. In addition, AVL significantly enhanced FXR, LXRs, Sirt1, and AMPK expressions compared with the EtOH group. AVL also inhibited inflammatory factors, NLRP3, and F4/80 and MPO, macrophage and neutrophil markers. In vitro, AVL significantly reduced lipid droplets, lipid metabolism enzymes, and inflammatory factors depending on FXR activation. AVL could ameliorate alcoholic steatohepatitis, lipid deposition and inflammation in ALD by targeting FXR activation.
Keywords: Allium victorialis L, alcoholic liver disease, lipid deposition, inflammation, farnesoid X receptor
INTRODUCTION
Alcohol consumption is highly addictive and associated with social, economic, and multifarious health problems (Galicia-Moreno and Gutiérrez-Reyes, 2014). Although moderate drinking is beneficial to physical and mental health, such as prevention of heart disease, hypertension, and diabetes, excessive and prolonged drinking leads to alcoholic liver disease (ALD) (Berger et al., 1999; Sacco et al., 1999). ALD is the main pathogenic factor contributing to morbidity of liver diseases worldwide. Generally, alcohol is first metabolized to acetaldehyde by alcohol dehydrogenase and partly metabolized by cytochrome P4502E1 (CYP2E1), catalase in hepatocyte microsomes and peroxisomes (Liu, 2014). This process would synthesize fatty acids, accumulate triglycerides (TGs) and further lead to fatty liver disease. Simple fatty liver is the early stage in ALD progression and would subsequently lead to steatosis, alcoholic hepatitis, fibrosis, and even cirrhosis with continuous consumption of excessive amounts of alcohol (Shearn et al., 2013; Addolorato et al., 2016). So far, there has been no specific drug to prevent or treat fatty liver. And it is still critical to develop an effective therapeutic drug for ALD, which not only prevents progression and reduces fat deposition but also accelerates regeneration and stability of hepatocytes and promotes liver activity.
Hepatic steatosis is part of the early adaptive response of the liver against some chronic stimulus. Inflammation might occur before hepatic steatosis and subsequently lead to steatosis. During the progression of steatosis, nutrients and their metabolites can also induce the secretion of adipokines and inflammatory factors by adipocytes, macrophages, and other cells, which is called metabolically triggered inflammation (Hotamisligil, 2006). ALD in patients is often accompanied by dyslipidemia, elevation of free fatty acids, and related lipotoxicity, insulin resistance and intestinal endotoxin, which contribute to stimulate and maintain the production and release of proinflammatory cytokines. Thus, inflammation is involved in the development of ALD.
Current researches have indicated that alcohol and its metabolites play critical roles in ALD development through hepatotoxicity, oxidative stress, lipid peroxidation, and ethanol metabolic enzyme system. Hepatosteatosis is the early abnormality in the pathogenesis of ALD due to chronic alcohol abuse and metabolic syndrome. Chronic alcoholism can effect fat synthesis and inhibit fatty acid oxidation, including upregulating SREBP1 and PPARγ by targeting key transcriptional genes associated with metabolic processes (Esfandiari et al., 2005; Esfandiari et al., 2007). Chronic alcohol consumption increased expressions of SREBP1 and PPARγ that is related to the activation of NAD-dependent deacetylase Sirtuis (Sirt) and adenosine 5'-monophosphate (AMP)–activated protein kinase (AMPK) (Lieber et al., 2008). Moreover, chronic alcohol intake could break the mutual effect between farnesoid X receptor (FXR; NR1H4) and retinoid X receptor α (RXRα; NR2B1) via acetylation and inactivation of FXR (Wu et al., 2014). FXR is a nuclear hormone receptor (NR), which is involved in the regulation of bile acid homeostasis and further in liver disease via the gut–liver axis (Forman et al., 1995; Seol et al., 1995). A previous study had shown that chronic alcohol consumption impaired FXR activity, and activated FXR attenuates hepatic liver injury, steatosis, and cholestasis induced by ETOH (Wu et al., 2014). FXR activation decreases TG levels to regulate lipogenesis through the downregulation of SREBP1 or upregulation of PPARα, mediating fatty acid oxidation (Pineda Torra et al., 2003; Watanabe et al., 2004; Ding et al., 2014). Thus, the present study focuses on the important role FXR plays in the development of ALD caused by Lieber–DeCarli ethanol liquid diet and contributes to alterations of lipid deposition and inflammation through a newly discovered potential mechanism.
Allium victorialis L. (AVL) is a species of the genus Allium (family Alliaceae) and widely spread in most parts of the world. AVL is a kind of medicinal and edible plant, and its stems and leaves are edible. AVL is also used as pickles in soy sauce, wrapped pork, or kimchi, which are loved by many people for their delicious tastes. “Qianjin Yaofang·Shi Zhi Juan,” the earliest dietotherapy book in Chinese history written by Sun Si-Miao (the Tang Dynasty, 618–907A.D.), also recorded that AVL could be used to treat liver disease according to the traditional Chinese medicine theory. The ancient traditional Chinese medical books recorded AVL as pungent, slightly warm, and nontoxic and that it could be used to treat body warmth and heat accumulation, clear damp heat, and eliminate miasma, especially in the abdominal digestive system. According to ancient traditional medicine, liver disease is considered to present symptoms of damp heat, toxins, and miasma; therefore, clearing away the heat and removing the dampness is the first choice of treatment. In recent years, AVL has received much attention due to its diverse pharmacological properties, such as anti-obesity, anticancer, antioxidant, hepatoprotective, and so on (Shirataki et al., 2001; Tang et al., 2017). Some studies have found that the extract of AVL could significantly inhibit the formation of tumor nodules in lung tissue and act as a rewarding supplement for cancer prevention and therapy (Kim et al., 2014). Up to now, more than 200 components have been isolated from AVL. The main active components of AVL include volatile oils, flavonoids, steroids, steroidal saponins, carbohydrates, etc. Besides these, plentiful flavonoids isolated from AVL presented functions on regulating neurotransmitters (Woo et al., 2012). In a previous study, the contents of flavonoids in AVL were roughly determined by HPLC analysis by taking rutin, kaempferol, and quercetin as standard references. The authors aimed to explore the improvement effect of AVL on ETOH-induced adipose degeneration in mice, and this study was designed to investigate the effect of AVL on hepatic steatosis and inflammation and reveal the potential role of FXR-mediated by AVL against ALD.
MATERIALS AND METHODS
Plant Material
The samples of Allium victorialis L. (AVL) (Figure 1A) were wild and grown in Hunchun City of Jilin province and were authenticated by Professor Xian Zhang, Agricultural College, Yanbian University, China. A voucher specimen (YBUCP20171212) was deposited in the Herbarium of the Agricultural College, Yanbian University, China.
[image: Figure 1]FIGURE 1 | AVL effectively attenuated alcohol-induced fatty liver. (A) Picture of AVL. (B) Procedures for the animal experiments. (C) Liver index levels. (D) Serum ALT and AST activities. (E) Tissue TG levels. (F) Liver appearance picture, H&E stain (×200 and ×400 magnifications), Oil red O stain (×400 magnification), Nile red staining (×200 magnification). ###p < 0.001 compared with normal group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with EtOH group; ns, not significant.
Fresh AVL (1000 g) was soaked in ethanol for 24 h, followed by reflux extraction for 2 h. After filtration, the filter residue was collected and reflux extraction carried out 3 times. The powder of AVL was obtained by vacuum distillation and drying at 80°C. AVL extracts were analyzed by HPLC in supplement data.
Reagents
The reagent strips for ALT/AST and TG were purchased from Changchun Huili Biotech Co., Ltd. (Changchun, China). Primary antibodies against GAPDH (ab8245), MPO (ab45977), lipin 1 (ab70138), LXRα (ab41902), lipin 2 (ab176347), CYP2E1 (ab28146), NLRP3 (ab4207), Sirt1 (ab110304), PPARγ (ab19481), SREBP1 (ab3259), F4/80 (ab6640), and Opti-MEM® were obtained from Abcam (Cambridge, MA, United States). Primary antibodies against ASC (sc514414), PPARα (sc9000), LXRβ (sc34341), IL6 (sc28343), IL1R1 (sc393998), and caspase 1 (sc622) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, United States). Primary antibodies against FXR (cs4173), p-AMPKα (cs2531), AMPKα (cs2532), p-AMPKβ1/2 (cs4181), AMPKβ1/2 (cs4150), LKB1 (cs3047), p-LKB1 (cs3482), p-ACC (cs11818), and ACC (cs3676) were purchased from Cell Signaling Technology (Beverly, MA, United States). Lipofectamine® 2000 Transfection Reagent was purchased from Thermo Fisher Scientific (Carlsbad, CA, United States). The BCA Protein Assay Kit was obtained from Beyotime (Jiangsu, China). All other chemicals and reagents were obtained from Sigma-Aldrich (Shanghai, China).
Protocols for the Animal Experiments
Male C57BL/6 mice (body weight, 22–24 g) (SPF, SCXK [J] 2016-0003) purchased from Changchun Yisi Laboratory Animal Technology Co., Ltd. (Jilin, China) were housed under conditions of constant temperature (22 ± 2°C), relative humidity (50–60%), and light (12-h light−dark cycles) for 1 week. The animal experiment was handled in accordance with the Guide for the Care and Use of Laboratory Animals of Yanbian University (Resolution number, 201801022). After a week of acclimatization, all mice were randomly divided into six groups (six mice per group): normal group, EtOH group, EtOH plus AVL (100-, 200-, and 300-mg/kg) groups, and EtOH plus silymarin (100-mg/kg) group. The mice in the normal group were fed control Lieber–DeCarli liquid diet (TP 4030C, Trophic Animal Feed High-Tech Co., Ltd., China), and the mice in the other groups were fed Lieber–DeCarli liquid diet containing ethanol (TP 4030D, Trophic Animal Feed High-Tech Co., Ltd., China). The concentrations of ethanol were from 1 to 4% (v/v) for first 5 days, and then followed by 5% ethanol for 4 weeks. All mice were allowed free access to distilled water during the experiment. EtOH plus AVL or silymarin groups were daily gavaged with AVL (100, 200, and 300 mg/kg) or silymarin (100 mg/kg), and the normal and EtOH groups were daily administrated equal volumes of saline. Except for the normal group, the mice in the other groups were single gavaged with ethanol (5 g/kg) at the end of the fourth week. After the final administration, the mice were sacrificed under anesthesia. Finally, the serum and livers were collected for subsequent experiments. The detailed modeling procedures are described in Figure 1B.
Cell Culture and Treatment
AML12 and HepG2 cells were generous gifts from Professor Dr. Jung Joon Lee of Korea Research Institute of Bioscience and Biotechnology (Daejeon, Korea). The AML12 cells were incubated in DMEM/F-12 with a mixture of insulin–transferrin–selenium (1%), dexamethasone (40 ng/ml), GlutaMAX (1%), and nonessential amino acids, while HepG2 cells were incubated in DMEM. DMEM contains penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% fetal bovine serum (FBS) under the conditions of 5% CO2 at 37°C. For MTT assay, AML12 cells were cultured in 96-well plates at a density of 1 × 104 cells per well and treated with AVL (0–100 μg/ml) or EtOH (0–200 mM). The cells were cultured in 35-mm dishes at a density of 5 × 106 cells per dish and were treated with EtOH (50 mM) with or without AVL.
Transfection of HepG2 Cells With Plasmid
The transfections of FXR and control plasmid were conducted using the Lipofectamine® 2000 Transfection Reagent according to the manufacturer’s protocols. The cells were cultured in a 24-well plate at a density of 6 × 104 cells per dish, then transfected with Opti-MEM® containing 0.2 μg of FXR plasmid or a negative control and 1.5 μL Lipofectamine® 2000 Transfection Reagent at the confluence of 90–95%. The cells were incubated under the condition of 5% CO2 at 37°C for 48 h and then Opti-MEM® substituted with DMEM containing 10% FBS and EtOH (50 mM) with or without AVL (12.5 μg/ml).
Serum Transaminase and Tissue TG Assay
The serum samples were collected by centrifugation at 3000 rpm and 4°C for 30 min. The liver was homogenized with saline and the homogenate obtained. Serum AST/ALT and tissue TG were measured using Assay kit according to the manufacturer's instructions, which was provided by Changchun Meeting of Biological Co., Ltd. (Changchun, China).
Immunostaining
Parts of the liver tissues were fixed with 10% formalin solution and embedded in paraffin. Frozen sections were prepared with Tissue-Tek® O.C.T. Compound. After dewaxing hydration, the sections were treated with hematoxylin and eosin (H&E) solution following the manufacturer's instructions. The frozen sections were fixed with the mixture of acetone and methanol or paraformaldehyde, and stained with Oil red O and Nile red stains, also following the manufacturer's instructions. For immunofluorescence (Han et al., 2019), the frozen sections were fixed with the mixture of methanol and acetone, dried at room temperature, washed with PBS, and then blocked with 5% goat serum. The slides were incubated with the primary antibody at 4°C overnight and incubated with Alexa Fluor Goat pAb with rat IgG at room temperature. The nuclei were stained with DAPI and observed under fluorescence microscope.
Western Blot Analysis
Protein was extracted from liver tissue or cells with RIPA lysis buffer. Equal amounts of protein were separated using 6–15% sodium dodecyl sulfate–polyacrylamide-gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (GE, Freiburg, Germany). The membranes were blocked with skim milk and then incubated with indicated primary antibodies overnight at 4°C, followed with a horseradish peroxidase–conjugated secondary antibody. Finally, the protein bands were visualized with BeyoECL Plus detection reagent (Beyotime, Nanjing, Jiangsu, China) and exposed to an X-ray film. Each band's densitometry was quantified using Bio-Rad Quantity One software.
Real-Time PCR
Total RNA was isolated from liver tissue or cells using the Eastep Super total RNA Extraction Kit (Promega Biological Products Ltd., Shanghai, China) according to the manufacturer's instructions. Samples of RNA were reverse transcribed into complementary DNA (cDNA). Relative gene expression was assessed by real-time PCR, which was performed on an Agilent Mx3000P QPCR System in a mixture containing Power SYBR® Green PCR Master Mix (Life Technologies, Carlsbad, CA), and specific primers are listed in Table 1. GAPDH was used as a housekeeping gene to quantify relative fold difference, and the relative fold difference was quantified using the comparative threshold cycle (ΔΔCt) method.
TABLE 1 | Primer sequences used in real-time PCR.
[image: Table 1]Statistical Analysis
All data in experiments were expressed as mean ± SD. The comparison between groups was evaluated by GraphPad Prism (GraphPad Software, San Diego, CA, United States). One-way analysis of variance and Tukey's multiple comparison tests were used to perform statistical analyses. Statistically significant differences between groups were defined as p-values no more than 0.05.
RESULTS
Allium victorialis L. Effectively Attenuated Alcohol-Induced Fatty Liver
With the Lieber–DeCarli liquid diet containing 5% (vol/vol) ethanol and single ethanol gavage (5 g/kg), the liver index, serum ALT/AST levels, and hepatic TG levels were significantly increased compared to the normal group, while AVL treatments markedly decreased these alternations compared to the EtOH group (Figures 1C–E).
As shown in Figure 1F, the liver images of the normal mice show a smooth surface, soft texture, and sharp edges. In the EtOH group, the liver tissue of the mice appeared swollen, rough, and tarnished. With AVL or silymarin administration, the liver surface was smoothened and the swelling reduced; however, silymarin administration showed less change than AVL (300 mg/kg).
The H&E analysis showed that the liver in the EtOH group showed massive steatosis compared with that in the normal group, and more fibrous connective tissue in the central region of the hepatic lobules had caused irregular deformation and increased liver injury. All these obvious pathological changes were significantly improved with AVL treatment (Figure 1F). In addition, Oil red O and Nile red staining showed that EtOH could induce the formation of lipid droplets in the liver compared to the normal group; however, lipid droplets in the AVL or silymarin groups were less abundant and much smaller than those in the EtOH group (Figure 1F). These results indicate that AVL showed hepatoprotective effect against liver injury and steatosis induced by EtOH.
Allium victorialis L. Administrations Regulated Lipid-Related Proteins Induced by EtOH
SREBP1 plays a critical role in alcoholic liver disease, and it could regulate the transcription of downstream signaling, such as FASN, SCD, and ACLY. CYP2E1 is a key pathway in the regulation of lipid peroxidation and oxidative stress induced by ethanol. EtOH elevated protein and mRNA levels of SREBP1, the protein level of CYP2E1, and the mRNA levels of FASN, SCD, and ACLY compared to the normal group. AVL treatment could significantly inhibit protein or mRNA expressions of SREBP1, CYP2E1, FASN, SCD, and ACLY compared to the EtOH group (Figures 2A,D), and silymarin showed no obvious regulating in CYP2E1 (Figure 2A). In immunohistochemical staining, AVL or silymarin obviously decreased the positive expressions of SREBP1 (in brown) compared to the ETOH group (Figure 2C).
[image: Figure 2]FIGURE 2 | AVL administrations regulated the expression of lipid-related proteins induced by EtOH. (A) The effects of AVL on the protein expressions of SREBP1 and CYP2E1. (B) The effects of AVL on the protein expressions of lipin 1 and lipin 2. Densitometric values were normalized against GAPDH. The same GAPDH was used in Panels 2A,B and in Figure 3D and Figure 4A. (C) Immunohistochemical staining analysis of SREBP1 (×200 and ×400 magnification). (D) Representative QPCR analysis for SREBP1, ACLY, SCD, and FASN. (E) Immunofluorescence staining analysis of lipin 2 (×600 magnification). Data are presented as mean ± SD (n = 3). ##p < 0.01, ###p < 0.001 compared with normal group; **p < 0.01, ***p < 0.001 compared with EtOH group.
Both lipin 1 and lipin 2 are the first central regulatory enzymes in the regulation of lipid metabolism in the liver (Song et al., 2018). As is shown in Figure 2B, alcohol intake increased the protein expression of lipin 1 and decreased the protein expression of lipin 2 compared to the normal group, whereas these changes were reversed by AVL treatment compared to the EtOH group (Figure 2B). In Figure 2E, EtOH stimulation obviously inhibited the immunofluorescence expression of lipin 2 (in green) compared to the normal group (Figure 2E), while AVL or silymarin treatment significantly increased the expressions of lipin 2 compared to the EtOH group (Figure 2E). These results suggest that AVL downregulates lipid synthesis and upregulates fatty acid oxidation, and eventually ameliorates hepatic steatosis.
Allium victorialis L. Improved Lipid Accumulation Through Regulation of Farnesoid X Receptor/Liver X Receptor Pathways
FXR and liver X receptors (LXRs), which belong to the NRs supergene family, can regulate the lipid metabolism gene in metabolic diseases. As shown in Figure 3A, ethanol significantly decreased the protein expressions of FXR, LXRα, and LXRβ compared to the normal group, whereas AVL or silymarin treatments significantly increased the expressions of FXR, LXRα, and LXRβ compared to the EtOH group. Consistent with these changes, the results of the immunofluorescence staining showed that positive expressions of LXRα, LXRβ (in red), and FXR (in green) were significantly decreased in the EtOH group than in the normal group, AVL treatments significantly enhanced these expressions compared to the EtOH group, and silymarin had little effect on the expressions of these proteins (Figure 3B). These results indicate that AVL regulated lipid metabolism by FXR and LXRs activation.
[image: Figure 3]FIGURE 3 | AVL improved lipid accumulation through regulation of FXR/LXR pathways. (A) The effects of AVL on the protein expression levels of FXR, LXRα, LXRβ, PPARα, and PPARγ. Densitometric values were normalized against GAPDH. (B) Immunofluorescence staining analysis of FXR, LXRα, and LXRβ (×200 magnification), and immunohistochemical staining analysis of PPARα and SIRT1 (×400 magnification). (C) Representative QPCR analysis for expressions of mRNA expression of PPARα, ACOX1, mabp, and CPT2. (D) The effects of AVL on the protein expression levels of p/t-AMPKα, p/t-AMPKβ, p/t-LKB1, p/t-ACC, and Sirt1. Densitometric values were normalized against GAPDH. The same GAPDH was used in Figures 2A,B, Panel 3D, and Figure 4A. Data are presented as mean ± SD (n = 3). ###p < 0.001 compared with normal group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with EtOH group; ns, not significant.
PPARα and PPARγ, members of the ligand-activated NRs transcription factor superfamily, are involved in lipogenesis, and in energy and glucose homeostasis. In the EtOH group, the protein expression of PPARα was deceased and that of PPARγ increased compared to the normal group, whereas AVL treatments significantly increased the expression of PPARα and decreased the expression of PPARγ compared to the EtOH group (Figure 3A). The regulation of AVL on PPARα expression was also supported by immunohistochemistry staining, which showed positive expression (in brown) (Figure 3B). Moreover, alcohol intake decreased mRNA expressions of the PPARα-regulated genes—ACOX1, mabp, and CPT2, while AVL administrations obviously ameliorated these changes caused by EtOH. These results demonstrate that AVL regulated PPARα-mediated fatty acid oxidation (Figure 3C). In addition, AVL significantly regulated AMPKα/β, LKB1, and ACC phosphorylation and Sirt1 compared to the ETOH group (Figure 3D). The effect of AVL on Sirt1 was also verified by the immunohistochemistry staining (Figure 3B). Thus, AVL regulated AMPK/LKB1/ACC and Sirt1 signaling pathway against ALD.
Allium victorialis L. Ameliorated Ethanol-Induced Hepatic Inflammation
Inflammation plays a key role in the development of hepatic fibrosis. Inflammasomes are large intracellular multiprotein complexes involved in the development of inflammatory disorders, and NLRP3 is a danger-signal sensor to a regulatory node of inflammatory diseases. The protein expression of NLRP3 significantly increased in the EtOH group than in the normal group (Figure 4A). EtOH resulted in a marked inflammatory response in the liver as evidenced by increased expression levels of NLRP3 and ASC, which promoted the inflammatory response with releases of inflammatory cytokines, including IL6, caspase1-p10, IL1R1, and IL1β. Caspase-1 is a protease associated with inflammatory reaction and produces mature IL1β and IL18. Thus, we found AVL and silymarin administrations significantly decreased the expressions of NLRP3, ASC, IL6, caspase1, IL1R1, and IL1β. However, silymarin showed no significant decrease of ASC compared to the EtOH group (Figure 4A). The mRNA expressions of NLRP3, IL1β, IL18, IL1α, and TNF-α were significantly decreased by AVL (Figure 4B). Immunofluorescence staining also indicated that AVL significantly decreased the expressions of MPO, NLRP3, and F4/80 compared to the EtOH group (Figure 4C). These results demonstrated that AVL inhibits the release of inflammatory factors and the related inflammatory response, and further ameliorated ethanol-induced hepatic inflammation.
[image: Figure 4]FIGURE 4 | AVL ameliorated ethanol-induced hepatic inflammation. (A) The effects of AVL on the protein expressions of NLRP3, IL6, F4/80, caspase1, IL1R1, IL1β, ASC, and MPO. Densitometric values were normalized against GAPDH. The same GAPDH was used in Figure 2A,B, Figure 3D, and Panel 4A. (B) Representative QPCR analysis for NLRP3, ASC, IL6, caspase1-p10, IL1R1, and mature-IL1β. (C) Immunohistochemical staining analysis of MPO (×200 and ×400 magnification), and immunofluorescence staining analysis of NLRP3 and F4/80 (×600 magnification). Data are presented as mean ± SD (n = 3). ###p < 0.001 compared with normal group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with EtOH group; ns, not significant.
Allium victorialis L. Improved Lipid Accumulation and Inflammation in vitro
EtOH (50, 100, and 200 mM) did not significantly reduce the cell viability of AML12 compared with the negative control (Figures 5A,B). AVL (6.25–100 µM) significantly reduced the cell viability of AML12 compared with the negative control without AVL (Figure 5B). Consequently, ETOH (50 mM) and AVL (3.125, 6.25, and 12.5 µM) were chosen in the subsequent experiments.
[image: Figure 5]FIGURE 5 | AVL improved lipid accumulation and inflammation in vitro. (A) MTT assay on cell viability of AML12 with EtOH treatment. (B) MTT assay on cell viability of AML12 with AVL treatment. (C) The effects of AVL on the protein expressions of SREBP1, lipin 1, and lipin 2. Densitometric values were normalized against GAPDH. The same GAPDH was used in Panel 5C and Figure 6A. (D) Representative QPCR analysis for NLRP3, IL1α, TNF-α, and IL18. (E) Oil red O staining. (F) Immunofluorescence staining analysis for lipin 1. (G) Immunofluorescence staining analysis for lipin 2. Data are presented as mean ± SD (n = 3). ###p < 0.001 compared with normal group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with EtOH group; ns, not significant.
AVL could significantly regulate protein expressions of SREBP1 and lipin 1/2 compared to the EtOH group (Figure 5C), which was supported by the immunofluorescence staining of lipin 1/2 (Figures 5F,G). In Oil red O staining, AVL obviously decreased the lipid droplets induced by EtOH (Figure 5E). AVL treatments could inhibit NLRP3, IL1α, TNF-α, and IL18 at the gene level (Figure 5D). These results demonstrate that AVL could inhibit lipid droplets by regulating the expression of SREBP1, lipin 1/2, and inflammation in vitro.
Farnesoid X Receptor Is Necessary for Allium victorialis L. to Ameliorated EtOH-Induced Liver Lipid Deposition
The LXRs and FXR could regulate the lipid metabolism gene in metabolic and digestive diseases. As we expected, AVL treatments could reverse the reductions of FXR, LXRα, and LXRβ in AML12 cells stimulated with EtOH (Figure 6A), which were further verified by immunofluorescent staining of FXR and LXRα (Figures 6B,C).
[image: Figure 6]FIGURE 6 | FXR is necessary for AVL to ameliorated EtOH-induced liver lipid deposition. (A) The effects of AVL on the protein expressions of FXR, LXRα, and LXRβ in AML12 cells. Densitometric values were normalized against GAPDH. The same GAPDH was used in Figure 5C and Panel 6A. (B) Immunofluorescence staining analysis for FXR in AML12 cells. (C) Immunofluorescence staining analysis for LXRα in AML12 cells. Densitometric values were normalized against GAPDH. Data are presented as mean ± SD (n = 3). ##p < 0.001, ###p < 0.001 compared with the normal group; ***p < 0.001 compared with the ETOH group. (D) The effects of AVL on the protein expressions of FXR, LXRα, LXRβ, and PPARα undergoing shFXR. (E) Representative real-time PCR analysis for expressions of FXR, LXRα, LXRβ, and SREBP1 undergoing shFXR. Densitometric values were normalized against GAPDH. aaap < 0.001 CON036 treatment vs CON036-AVL group, ccp < 0.01, cccp < 0.001 CON036-AVL vs shRNA (FXR)-AVL group, shRNA (FXR) vs shRNA (FXR)-AVL group; ns, not significant.
To further confirm that AVL ameliorates alcoholic fatty liver by activating FXR mediation on lipid accumulation, HepG-2 cells were transfected with FXR (NR1H4) shRNA and then treated with EtOH, and with or without AVL. The FXR deficiency was appropriately achieved by FXR shRNA (Figure 6D,E). EtOH-mediated decrease of LXRα and LXRβ was strengthened by FXR shRNA, which was also attenuated by AVL interference (Figures 6D,E). FXR deficiency also resulted in the decreasing of PPARα (Figure 6D), and the increase of SREBP1 (Figure 6E). These results suggest that FXR is necessary for AVL to ameliorated EtOH-induced liver lipid deposition, and FXR activation might be the potential therapeutic target for AVL against ALD.
DISCUSSION
Excessive alcohol consumption is responsible for the development of ALD, with a spectrum comprising alcoholic fatty liver, alcoholic steatohepatitis, and so on. The present study found that AVL could attenuate ALD induced by Lieber–DeCarli liquid diet containing ethanol. The mouse model induced by Lieber–DeCarli ethanol liquid diet plus single-binge ethanol feeding synergistically induces liver injury, inflammation, and fatty liver, which mimics acute-on-chronic alcoholic liver injury in patients (Bertola et al., 2013). AVL is a medical and edible plant, which is the guarantee for the safety of AVL usage. Our previous study also showed that AVL is safe for use alone in treatment and caused no liver histopathological changes. AVL could decrease liver index, serum transaminase, and TG accumulation, which has been further verified by histopathological examination. AVL also could ameliorate metabolic disorders and inflammation by inhibiting liver lipid deposition and inflammation factors caused by alcohol. In EtOH-induced metabolic dysregulation, it was found that FXR played an important role during AVL mediation against ALD, and FXR was necessary for AVL to regulate alcoholic steatosis and meta-inflammation.
Studies have found that FXR is a key bile acid–activated receptor that plays a critical role in the regulation of lipid and glucose metabolisms, anti-inflammation, cholestasis, and so on (Tung and Carithers, 1999; Ferrell et al., 2019). The action of activated FXR on the regulation of lipogenesis can be attributed to the downregulation of TG levels. Activated FXR can downregulate the expressions of SREBP1C and its downstream target genes, such as FAS, SCD-1, and ACC, which are related to fatty acid synthesis and TGs by inducing the expression of SHP (Watanabe et al., 2004; Song et al., 2020). Consistent with previous studies, the current results indicate that AVL can activate FXR to regulate lipid deposition, which has been verified by the decrease of SREBP1 and its target genes, and of PPARα and its target genes. The silencing of the FXR gene in vitro further indicates that FXR is necessary for AVL in regulating alcohol-induced lipid accumulation and inflammation. Our study provides new insights into the mechanism by which FXR controls metabolic disorders and inflammation in ALD.
Moreover, the increase of SREBP1 may relate to AMPK phosphorylation. AMPK plays a critical role in regulating fatty acid oxidation pathways and inhibiting lipid synthesis. Alcohol can inhibit AMPK phosphorylation, and increase the expression of SREBP1 and suppressed adenylyl cyclase activity, finally contributing to hepatic steatosis (Subauste and Burant, 2007; Yao et al., 2017a; Yao et al., 2017b). Studies have shown that both Sirt1 and AMPK are two key factors in controlling lipid metabolism (Zhu et al., 2016). Activated Sirt1 could promote AMPK phosphorylation, and it also can be regulated by phosphorylation AMPK on the contrary, while loss of Sirt1 could increase hepatic steatosis and inflammation in mice (Choi et al., 2015; Li et al., 2015). In addition, AMPK phosphorylation can be activated by FXR and mediate oxidative stress (Zhang et al., 2017). These results may suggest that AVL can activate the Sirt1–AMPK signaling pathway via activation of FXR to further inhibit lipid accumulation.
Besides FXR, NRs also include PPARs, LXRs, and PXP, which are associated with various pathologies, such as cholestasis, inflammation, hepatic steatosis, fibrosis, and cancer (Tardelli et al., 2018). Among these NRs, LXRs play an important role in the metabolism of lipids, bile acids, and carbohydrates, and PPARγ with LXR could modulate macrophage activation by regulating several anti-inflammatory responses (Han et al., 2021). In the present study, the silencing of the FXR gene could decrease expressions of PPARα and LXRβ, which might lead to the release of inflammatory cytokines and the increase of SREBP1 expression, which further prove that AVL ameliorates ALD by targeting FXR activation.
Ethanol can regulate the expression of lipin 1/2 by regulating AMPK and SREBP1 signaling pathways (Bi et al., 2015). Lipin 1 can promote the synthesis of TGs and the oxidation of fatty acids during lipid metabolism (You et al., 2017). Like lipin 1, lipin 2 also plays a critical role in lipid metabolism, and it can regulate NLRP3 inflammasome by activating the P2X7 receptor, which in turn regulates inflammatory responses (Lordén et al., 2017). As expected, alcohol can upregulate the expression of lipin 1 and downregulate lipin 2, which were related to lipid metabolism and inflammatory, while AVL can reverse the changes of lipin 1 and lipin 2 induced by alcohol and further decrease lipid accumulation and the release of inflammatory cytokines. All these results demonstrate that AVL can ameliorate ethanol-induced liver injury by regulating energy metabolism and inflammation.
In conclusion, the findings of this study suggest that AVL would ameliorate alcoholic steatohepatitis, lipid deposition, and inflammation in ALD by targeting FXR activation, and further present that AVL targeting FXR might be an attractive candidate or strategy for ALD treatment. As a medicinal food homologous plant, AVL is worth including in product development for potent anti-alcohol related diseases and can be widely applied in the health industry. However, further studies may need to focus on the effective parts or chemical components isolated from AVL to improve its efficacy and targeted regulation accuracy.
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Background: Progressive fibrosing interstitial lung disease (PF-ILD) and idiopathic pulmonary fibrosis (IPF) share similar progression phenotype but with different pathophysiological mechanism. The purpose of this study was to assess clinical characteristics and outcomes of patients with PF-ILD in a single-center cohort.
Methods: Patients with PF-ILD treated in Shanghai Pulmonary Hospital from Jan. 2013 to Dec. 2014 were retrospectively analyzed. Baseline characteristics and clinical outcomes were collected for survival analysis to identifying clinical predictors of mortality.
Results: Among 608 patients with ILD, 132 patients met the diagnostic criteria for PF-ILD. In this single-center cohort, there were 51 (38.6%) cases with connective tissue disease-associated interstitial lung disease (CTD-ILD) and 45 (34.1%) with unclassifiable ILDs. During follow-up, 83 patients (62.9%) either died (N = 79, 59.8%) or underwent lung transplantations (N = 4, 3.0%) with a median duration follow-up time of 53.7 months. Kaplan-Meier survival curves revealed that the 1, 3 and 5-years survival of PF-ILD were 90.9, 58.8 and 48.1%, respectively. In addition, the prognosis of patients with PF-ILD was similar to those with IPF, while it was worse than non-PF-ILD ones. Multivariate Cox regression analysis demonstrated that high-resolution computed tomography (HRCT) scores (HR 1.684, 95% CI 1.017–2.788, p = 0.043) and systolic pulmonary artery pressure (SPAP) > 36.5 mmHg (HR 3.619, 95%CI 1.170–11.194, p = 0.026) were independent risk factors for the mortality of PF-ILD.
Conclusion: Extent of fibrotic changes on HRCT and pulmonary hypertension were predictors of mortality in patients with PF-ILD.
Keywords: progressive fibrosing interstitial lung disease, predictor of mortality, fibrotic changes, high-resolution computed tomography, pulmonary arterial hypertension
INTRODUCTION
Progressive fibrosing interstitial lung disease (PF-ILD) is a terminology recently used to describe a subset of patients who have inexorable progression of pulmonary fibrosis despite treatment, and the underlying pathogenetic mechanism and clinical behaviors of which are similar to those of idiopathic pulmonary fibrosis (IPF) (Wells et al., 2018; Brown et al., 2020). The proportion of interstitial lung disease (ILD) patients with progressive fibrosing phenotype has been estimated up to 18–32% by physicians (Wijsenbeek et al., 2019). ILDs associated with a progressive fibrosing phenotype include non-specific interstitial pneumonia (NSIP) (Kim et al., 2010), unclassifiable idiopathic interstitial pneumonia (IIP) (Guler et al., 2018a), hypersensitivity pneumonitis (HP) (De Sadeleer et al., 2019), autoimmune ILDs (Doyle and Dellaripa, 2017; Guler et al., 2018b), sarcoidosis (Walsh et al., 2014a) and occupation-associated lung disease (Khalil et al., 2007). PF-ILD has a distinct clinical phenotype regardless of cause. Patients with PF-ILD suffer from worsening respiratory symptoms, declines of physiological functions, increased mortality even by conventional treatment and significantly impaired quality of life (Wells et al., 2018).
Several factors have been identified as predictors of mortality in patients with PF-ILD. Decline in forced vital capacity (FVC) was associated with an increased risk of death in patients with PF-ILD (Gimenez et al., 2018; Olson et al., 2018) as evidenced by studies including autoimmune ILDs (Solomon et al., 2016; Zamora-Legoff et al., 2017) and chronic HP (Mooney et al., 2013). Usual interstitial pneumonitis (UIP) pattern on high-resolution computed tomography (HRCT) was reported to be associated with worse prognosis in autoimmune ILDs (Kim et al., 2010; Kelly et al., 2014). Radiological fibrosis score or extent of fibrosis on HRCT was also reported to predict outcome in chronic HP (Mooney et al., 2013), pulmonary sarcoidosis (Walsh et al., 2014a) and unclassifiable ILD (Ryerson et al., 2013). A relevant study demonstrated that CT honeycombing uniquely identified a progressive fibrotic ILD phenotype with a high mortality similar to that of IPF (Adegunsoye et al., 2019). Little data are available regarding the indicators of mortality in PF-ILD cases other than FVC and HRCT. This single-center cohort study aims to identify risk factors from demographic information, clinical features, imaging data and blood biomarkers for mortality in Chinese PF-ILD population.
METHODS
Patients diagnosed with ILD between Jan 2013 to Dec 2014 in Shanghai Pulmonary Hospital were eligible for this study, and their electronic medical records were retrospectively reviewed. Those who met at least one of the following criteria were considered as having a progressive fibrosing phenotype, within 24 months before screening, despite standard treatment in clinical practice: a relative decline in FVC≥10% of the predicted value; a relative decline in 5 ≤ FVC <10% of the predicted value and worsening of respiratory symptoms; a relative decline in 5 ≤ FVC <10% of the predicted value and increased extent of fibrosis on HRCT; worsening of respiratory symptoms and increased extent of fibrosis on HRCT (Wells et al., 2018; Flaherty et al., 2019).
Baseline characteristics of recruited patients, including age, gender, date of final diagnosis, laboratory test results, and treatment regimen were recorded. Patients with IPF or malignant tumor were excluded. Pulmonary function data were obtained, including FVC and diffusion capacity of carbon monoxide (DLCO) with % predicted values using standards (Miller et al., 2005). Echocardiographic estimate of systolic pulmonary artery pressure (SPAP) at baseline was noted. HRCT scan was independently reviewed by two expert thoracic radiologists (Dong Yu and Bing Jie) who were blinded to clinical status and demographics of subjects. Any disagreement was resolved through consensus. CT scans were classified as showing a UIP pattern or not (Kekevian et al., 2014) and the extent of fibrosis was further calculated using a 4-point scale as follows: 0 = no involvement, 1 = 1–25% involvement, 2 = 26–50% involvement, 3 = 51–75% involvement, and 4 = 76–100% involvement (Lynch et al., 2005). Main pulmonary artery diameter (MPAD) and ascending aorta diameter (AAD) were also assessed on HRCT, MPAD/AAD ratio was calculated to predict pulmonary arterial hypertension (PAH) (Jeny et al., 2020).
Primary endpoints in the present study included death or lung transplantation. Survival rate was calculated based on date of the last visit, date of death, or transplantation. The last follow-up time was November 2020. Ethical approval was waived by the Ethics Committee of Shanghai Pulmonary Hospital in view of the retrospective nature of the study (No. k21-023) and all the procedures being performed were part of the routine care.
Statistical analysis was performed using SPSS 26.0 package software (IBM). Continuous variables were expressed as mean ± standard deviation (SD) or mean (range). Chi-square test was used to analyze the composition ratio between groups. Subgroup differences were compared using One-way ANOVA, followed by Tukey’s post hoc test. Receiver Operating Characteristic (ROC) curves were depicted for identifying cut-off values. Multivariate logistics regression was performed to identify risk factors and those with p < 0.2 were further included in a Cox proportional hazards regression model using the forward log rank (LR) method. Kaplan-Meier survival analysis was performed, followed by Log-rank test for comparing difference between curves. p < 0.05 considered statistically significant.
RESULTS
Of the 608 patients with ILD seen over a 2-year period at Shanghai Pulmonary Hospital, 169 were identified as the progressive fibrosing phenotype. Thirty-seven patients were excluded, including 7 cases with lung cancer, 12 with insufficient information, and 18 lost of follow-up. Finally, 132 PF-ILD patients and 392 non-progressive ILD (control group) were recruited (Figure 1). The number of cases corresponding to different diagnostic criteria is shown in Table 1. Compared with non- PF-ILD group, patients in PF-ILD group were significantly older (63 vs 58 years, p < 0.001), and the male-to-female proportion was higher (p = 0.023). Clinical characteristics of PF-ILD patients were listed in Table 2. There were 85 males and 47 females in PF-ILD group, with a median age at diagnosis of 63 years (24–86 years). The median time from symptoms onset to diagnosis of ILD was 21.2 months (0–120 months), and the median time from diagnosis of ILD to PF-ILD was 22.6 months (0–85 months). 88/132 (66.7%) patients with PF-ILD underwent echocardiography and the mean SPAP value was (42.6 ± 11.6) mmHg.
[image: Figure 1]FIGURE 1 | Flow chart of enrollment; Abbreviation: PF-ILD, progressive fibrosing interstitial lung disease; IPF, idiopathic pulmonary fibrosis.
TABLE 1 | Diagnostic criteria.
[image: Table 1]TABLE 2 | Baseline characteristics of patients with PF-ILD.
[image: Table 2]87/132 (65.9%) patients with PF-ILD had confirmed ILD classification, including connective tissue disease-associated interstitial lung disease (CTD-ILD), interstitial pneumonia with autoimmune features (IPAF), NSIP, combined pulmonary fibrosis and emphysema (CPFE), HP, pneumoconiosis, pulmonary alveolar proteinosis (PAP) and respiratory bronchiolitis-associated interstitial lung disease (RBILD); and the remaining 45/132 (34.1%) had unclassifiable ILDs. ILD classification of all 132 patients with PF-ILD was summarized in Figure 2. It is showed that CTD-ILD (38.6%) was the most common subtype of PF-ILD, followed by unclassifiable ILDs (34.1%) and IPAF (8.3%). All clinical data of PF-ILD and subgroups collected and analyzed were listed in Online Resource 1.
[image: Figure 2]FIGURE 2 | Classifications of PF-ILD in this study; Abbreviations: PF-ILD, progressive fibrosing interstitial lung disease; CTD-ILD, connective tissue disease-associated interstitial lung disease; CPFE, combined pulmonary fibrosis and emphysema; IPAF, interstitial pneumonia with autoimmune features; PAP, pulmonary alveolar proteinosis; RBILD, respiratory bronchiolitis-associated interstitial lung disease; NSIP, nonspecific interstitial pneumonia; HP, Hypersensitivity pneumonitis. Number of cases: CTD-ILD = 51, Unclassifiable ILD = 45, IPAF = 11, NSIP = 10, CPFE = 7, PAP = 2, RBILD = 2, Pneumoconiosis = 2, HP = 2.
Patients were followed up for a median time of 53.7 months (1–130 months) after ILD diagnosis. During this time, 81/132 (61.4%) patients underwent either lung transplantations (N = 4, 3.0%) or died (N = 79, 59.8%) from disease. The median survival times were 58 and 54 months in PF-ILD and IPF groups, respectively. Kaplan-Meier survival curves calculated that the 1, 3 and 5-years survival rates were 90.9, 58.8 and 48.1% respectively, which were similar to those in IPF group (89.4, 68.1 and 43.9%, respectively), and significantly worse than those of non- PF-ILD group (p < 0.001) (Figure 3A and Table 3). In PF-ILD subgroups, the median survival times of CTD-ILD + IPAF, unclassifiable ILD, NSIP and other ILDs groups were 108, 39, 25, 48 months respectively. The 3 and 5-years survival rates of CTD-ILD + IPAF patients were 67.2 and 62.3%, respectively, which were significantly higher than that of NSIP subgroup (20 and 10%, respectively) (p = 0.001), shown in Figure 3B and Table 3.
[image: Figure 3]FIGURE 3 | Survival curves of PF-ILD (A) Survival curves of PF-ILD, non PF-ILD and IPF. Kaplan-Meier survival analysis showed no difference between PF-ILD and IPF group (p = 0.305). But significant difference was seen in PF-ILD group and non PF-ILD group (p < 0.001). The median survival times were 54 (95%CI: 39-69) and 58 (95%CI: 37-79) months in IPF and PF-ILD group respectively, NA in non PF-ILD group (B) Survival curves of subgroups of PF-ILD. Kaplan-Meier survival analysis showing a significant difference between groups (p = 0 001), a higher mortality in NSIP subgroup and a lower mortality in CTD-ILD + IPAF subgroup. The median survival times were 108 (95%CI: 64-152), 39 (95%CI: 4-74), 25 (95%CI: 19-31), 48 (95%CI: 33-63) months in CTD-ILD + IPAF, Unclassifiable ILD, NSIP and other ILDs groups respectively.; Abbreviations: PF-ILD, progressive fibrosing interstitial lung disease; IPF, idiopathic pulmonary fibrosis; CTD-ILD, connective tissue disease-associated interstitial lung disease; IPAF, interstitial pneumonia with autoimmune features; NSIP, nonspecific interstitial pneumonia.
TABLE 3 | Accumulate survival rates.
[image: Table 3]Univariate survival analysis of potential risk factors for the mortality of PF-ILD was shown in Table 4. The cutoff values calculated by ROC curves were used for classifying continuous variables. Logistics univariate analysis revealed that the age >67 years, time from the symptom onset to the diagnosis of ILD >23.5 months, time from the diagnosis of ILD to PF-ILD < 34.5 months, FVC% predicted ranged 40–59%, DLCO% predicted <60%, HRCT score and UIP pattern, MPAD/AAD >0.81, SPAP >36.5 mmHg, differential arterial oxygen partial pressure [P (A-a) O2] > 34.95 mmHg, soluble interleukin-2 receptor (SIL-2R) > 525 U/ml and increased level of carbohydrate antigen 199 (CA199) (>26.75 U/ml) were all risk factors for the mortality of PF-ILD (all p < 0.05). The impact of systemic therapy on univariate survival was also summarized, and there was no significant difference in the survival of patients treated with prednisone, immunosuppressants or antifibrotic drugs.
TABLE 4 | Factors associated with mortality in patients of PF-ILD.
[image: Table 4]Cox regression analysis was performed on significant factors obtained from univariate analysis with p value <0.2, including male, prednisone treatment (current or past), and above risk factors. It is shown that SPAP >36.5 mmHg (HR 3.619, 95%CI 1.170–11.194, p = 0.026) and HRCT scores (HR 1.684, 95% CI 1.017–2.788, p = 0.043) were independent risk factors for the mortality of PF-ILD (Figure 4).
[image: Figure 4]FIGURE 4 | Multivariate regression analysis of mortality; Abbreviations: SPAP, systolic pulmonary artery pressure; HRCT: high-resolution computed tomography; HR, hazard ratio. Cox regression analysis suggested that SPAP >36.5 mmHg and HRCT scores were independent risk factors for mortality in patients with PF-ILD (p = 0.026, 0.043 respectively).
Kaplan-Meier survival curves consistently obtained the independent risk factors for the mortality of PF-ILD (Figures 5A,B). PF-ILD patients with SPAP >36.5 mmHg had a worse prognosis (p ≤ 0.001), and obviously decreases in 3-years and 5-years survival (Table 3). With the increase of HRCT scores, the prognosis of patients with PF-ILD became significantly worse (p < 0.001). The 3-years survival of PF-ILD patients with 3 and 4 HRCT scores were only about 50 and 21.4%, respectively, and their 5-years survival were 38.2 and 10.7%, respectively.
[image: Figure 5]FIGURE 5 | Survival curves according to risk factors for mortality (A) Survival curves according to SPAP with a 36.5 mmHg threshold. Log-rank p = 0.001. The median survival times were 43 (95%CI: 23-63) months in SPAP >36.5 mmHg group and NA in SPAP ≤36.5 mmHg group (B) Survival curves according to HRCT scores. Log-rank p < 0.001. The median survival times were 108 (95%CI: 68-148) months in 2-point group, 39 (95%CI: 20-58) months in 3-point group, 21 (95%CI:17-25) months in 4-point group, and NA in 1-point group.; Abbreviations: SPAP, systolic pulmonary artery pressure; HRCT: high-resolution computed tomography.
DISCUSSION
In the present study, we retrospectively analyzed clinical characteristics of 132 patients with PF-ILD other than IPF. Most of the subjects were middle-aged and elderly, with a median age of 63 years, and they were older than non-PF-ILD patients. In our study cohort, the gender ratio was similar to IPF but different from PF-ILD population (mostly male patients). The gender ratio in this study differed from that in the recent PROGRESS® study (Nasser et al., 2021), in which males and females are equally distributed. However, Cox analysis revealed that both age and gender did not significantly influence the prognosis of PF-ILD. Autoimmune disease-related ILD in general has a relatively good prognosis, as previous studies reported (Oldham et al., 2016; Strek and Costabel, 2016). This study found that PF-ILD was an important clinical phenotype of ILDs, which usually had a poor prognosis and was similar to that of IPF.
Previous studies have reported that PAH was a risk factor for poor prognosis of IPF (Raghu et al., 2015). In a retrospective analysis of consecutive IPF patients undergoing right heart catheterization prior to transplantation, it was found that PAH was common in advanced IPF cases that significantly influenced their survival. The 1-year mortality in IPF patients with PAH was significantly higher than those without PAH (28 vs 5.5%), which was linearly correlated with mean pulmonary artery pressure (Lettieri et al., 2006). In patients with IPF undergoing serial right-sided heart catheterization prior to transplantation, nearly all of them develop PAH later in their course (38.6% at baseline and 86.4% at transplantation) (Nathan et al., 2008). Pulmonary involvement, including both ILD and PAH, are reported as the primary causes of morbidity and mortality of systemic sclerosis (Steen and Medsger, 2007). ILD cases with untreated PAH usually rapidly progress to respiratory failure and/or die within 2–3 years after being clinically detectable (Castro and Jimenez, 2010; Giacomelli et al., 2019). Echocardiography is an accessible method to estimate SPAP. In the present study, we also estimated PAH by calculating MPAD/AAD ratio through HRCT. Among the numerous factors we selected for analysis, both MPAD/AAD and SPAP at echocardiography were risk factors for the mortality of PF-ILD, but only SPAP was proven as an independent factor for it by Cox regression. The median survival time was 43 months (95%CI: 23-63) in SPAP >36.5 mmHg group. Until now, there have been few relevant conclusions reported in PF-ILD cohort. Our study suggested that monitoring SPAP calculated by echocardiography is important during the follow-up for all patients with progressive pulmonary fibrosis.
HRCT is a more sensitive modality for detecting ILD, which can be used to evaluate the prognosis of ILDs. The extent of honeycombing and reticulation has been reported as a predictor of the mortality in patients with IPF (Lynch et al., 2005). Besides, in patients with chronic HP and CTD-ILD, the severity of traction bronchiectasis and the extent of honeycombing have been verified as predictors of the mortality (Walsh et al., 2012; Walsh et al., 2014b). Identification the extent of fibrosis contributes to assess the poor prognosis of patients with fibrotic ILDs, including fibrotic IIP with little honeycombing (Shin et al., 2008; Edey et al., 2011; Lee et al., 2012). The prognostic value of HRCT findings has been doubted. Data from a large group of patients with IPF or CTD-ILD presenting UIP pattern showed that clinical but not radiological features are survival predictors (Moua et al., 2014). In our study, we defined the area of fibrosis to correspond to HRCT score, which was found to be an independent risk factor for the mortality of patients with PF-ILD. Our findings provided the latest evidence of the prognostic role of HRCT in PF-ILD. HRCT examination is of great significance in the initial evaluation of all ILDs, and monitoring of HRCT score is also a promising approach to assess treatment response (Hansell et al., 2008).
Several limitations associated with retrospective and monocentric design existed in this study. It was a single-center study with a small sample size, which may cause some biases. We will further expand the cohort in the future. Secondly, due to incomplete data on lung function, the decrease in FVC was not included in the statistics, but it has been reported in the previous studies. And most of the PF-ILD cases we have diagnosed were dependent on clinical symptoms and HRCT. Thirdly, the relatively large number of patients with unclassified interstitial lung disease, due to the low percentage of surgical biopsies, may have resulted in an imprecise classification.
CONCLUSION
Patients with PF-ILD, similar to IPF cases, had worse prognosis than that of non-PF-ILD patients, but cases with an autoimmune disease-related type had a relatively good prognosis. Identifying the subtype of the disease may influence the prognosis. HRCT scores and SPAP>36.5 mmHg were independent risk factors for the mortality in patients with PF-ILD. In addition to pulmonary function, chest HRCT and echocardiography examined for monitoring SPAP are of great significance in the follow-up and the optimal time of lung transplantation of patients with PF-ILD.
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Azithromycin Attenuates Bleomycin-Induced Pulmonary Fibrosis Partly by Inhibiting the Expression of LOX and LOXL-2
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Pulmonary fibrosis (PF) is a chronic and progressive process of tissue repair. Azithromycin (AZM) may be beneficial for the treatment of PF because AZM has anti-inflammatory and immune regulatory roles and inhibits remodeling, but the mechanism is not entirely clear. In this study, we established a mouse PF model induced by bleomycin (BLM) and primary mouse lung fibroblasts stimulated by transforming growth factor (TGF)-β1 to explore the possible mechanisms of AZM in PF. Results showed that AZM reduces mortality and lung inflammation and attenuates BLM-induced PF in mice. AZM effectively reduced the expression of α-smooth muscle actin (SMA) and type I collagen. Meanwhile, expression of lysyl oxidase (LOX) and lysyl oxidase-like protein (LOXL)-2 in the lung tissue of mice after AZM treatment was significantly lower than in the BLM group. In addition, this study found that AZM significantly inhibits the TGF-β1/Smad and JNK/c-Jun signaling pathways in vivo, and expression of a-SMA, type I collagen, LOX and LOXL-2 in the lung tissue of mice treated with AZM was significantly lower than that in the BLM group. In vitro, AZM also effectively inhibited type I collagen, LOX, LOXL-2 and JNK-c-Jun signaling pathways in TGF-β1-stimulated primary mouse fibroblasts, and this effect was similar to that of a JNK-specific inhibitor (SP600125). In conclusion, AZM effectively attenuated BLM-induced PF in mice, which may play a role by partially inhibiting the JNK/c-Jun and TGF-β1/Smad signaling pathways and reducing production of LOX and LOXL2.
Keywords: pulmonary fibrosis, azithromycin, LOX, JNK pathway, inflammation
1 INTRODUCTION
Pulmonary fibrosis (PF) can occur in a variety of clinical conditions and is a chronic and progressive tissue repair response process that leads to irreversible scarring and remodeling of the lung (Noble et al., 2012). Many factors, including respiratory virus infection, connective tissue disease (CTD), environmental and occupational exposure, therapy (such as radiotherapy and immunotherapy), diabetes, gastroesophageal reflux and so on, can cause and maintain fibrosis (Noble et al., 2012; Sgalla et al., 2019). Usually, the type of PF with known etiology is called secondary PF. However, PF can also occur in the absence of any known causes, known as idiopathic pulmonary fibrosis (IPF). Although IPF is considered rare, the incidence rate of IPF is increasing over time, and the prognosis is very poor. In IPF, the median survival time from diagnosis was 2–4 years, which is similar to that of many malignant tumors (Olson et al., 2007; Noble et al., 2012). However, in secondary PF, the prognosis of PF may be different with distinct etiologies. For example, viral pneumonia, including COVID-19 and severe acute respiratory syndrome (SARS), could lead to PF, but most of these patients gradually recover in the later stage (Naik and Moore, 2010; Mineo et al., 2012; George et al., 2020). In contrast, CTD combined with PF may lead to a significant increase in mortality (Cottin et al., 2018; Spagnolo et al., 2021).
The most important part of the pathophysiological mechanism of PF is the accumulation and remodeling of extracellular matrix (ECM) in the lung (Kulkarni et al., 2016; Upagupta et al., 2018). In addition to the abnormal proliferation of fibroblasts and their excessive secretion of ECM, PF is closely related to changes in ECM components or traits caused by posttranslational modifications, such as glycosylation, transglutamination, and cross linking (Upagupta et al., 2018). Previous studies have shown that lysyl oxidase (LOX) and its four lysyl oxidase-like proteins (LOXL1-4) play a key role in cross linking of the ECM (Philp et al., 2018; Chen et al., 2019; Vallet and Ricard-Blum, 2019; Nguyen et al., 2021). The LOX protein family consists of copper amine oxidases characterized by a highly conserved catalytic domain, a lysine tyrosine quinone cofactor and a conserved copper binding site. Its primary function is to catalyze covalent cross-linking of ECM protein collagens and elastin, which can lead to changes in the stiffness and mechanical properties of the ECM (Vallet and Ricard-Blum, 2019). Tjin et al. found that LOXL1 and LOXL2 expression was significantly increased in the lung tissue of IPF, and inhibition of LOX reduced PF (Tjin et al., 2017). Regulation of the LOX protein family involves a series of signaling pathways, including transforming growth factor β (TGF-β), platelet-derived growth factor, epidermal growth factor receptor and inflammatory pathways (Cheng et al., 2014; Laczko and Csiszar, 2020). In recent years, the LOX protein family has been recognized as a potential target for the treatment of PF (Chen et al., 2019).
Azithromycin (AZM) is a broad-spectrum antibacterial macrolide drug that has attracted increasing attention due to its immunomodulatory effect in addition to its antibacterial activity. Macrolide antibiotics have been used as immunomodulatory drugs in chronic obstructive pulmonary disease (COPD), asthma, and bronchiectasis (Yamaya et al., 2012; Tong et al., 2015; Kelly et al., 2018), although their use is still controversial. Wuyts et al. found that AZM attenuated bleomycin (BLM)-induced PF, but the mechanisms whereby this occurred were unclear (Wuyts et al., 2010). Recently, some observational clinical studies have found that AZM reduces the mortality of acute exacerbation and the hospitalization rate in IPF patients (Kawamura et al., 2017; Macaluso et al., 2019). Tsubouchi et al. found that AZM inhibited NADPH oxidase 4 by promoting proteasome degradation, thereby inhibiting myofibroblast differentiation and the development of lung fibrosis (Tsubouchi et al., 2017). Additionally, a recent study showed that AZM promotes the apoptosis of fibroblasts in IPF to exert an antifibrotic effect (Krempaska et al., 2020). In general, these studies suggest that AZM may play a beneficial role in PF, but the specific regulatory mechanisms still need to be further explored.
In addition to the classical TGF-β signaling pathway, the JNK/c-Jun signaling pathway is a member of the mitogen-activated protein kinase (MAPK) superfamily, which is involved in cell proliferation and differentiation, cytoskeleton construction, apoptosis, and inflammation and in the differentiation and apoptosis of fibroblasts (Davis, 2000; Yeap et al., 2010). In our study, we hypothesized that AZM inhibits LOX and LOXL-2 expression partly through the TGF-β1/Smad and JNK/c-Jun signaling pathways, thereby attenuating the degree of PF. We explored this hypothesis through BLM-induced mouse and TGF-β1-stimulated mouse primary fibroblast models.
2 MATERIALS AND METHODS
2.1 Materials
BLM and the JNK inhibitor (SP600125) were obtained from Selleck China Inc. (Shanghai, China). TGF-β1 was purchased from PeproTech China Inc. (Suzhou, China). Azithromycin was obtained from Sigma-Aldrich Inc. (Shanghai, China). The primary antibodies we used are as follows: anti-vimentin (Proteintech, 60330-1-Ig), anti-alpha-smooth muscle actin (α-SMA) (Proteintech, 14395-1-AP), anti-Collagen 1 (Proteintech, 14695-1-AP), anti-LOX (Proteintech, 17958-1-AP), anti-LOXL2 (Abcam, 96233), anti-TGF-β1 (Proteintech, 21898-1-AP), anti-Smad2 (Cell Signaling Technology, 5339), anti-Smad3 (Cell Signaling Technology, 9523), anti-phospho (P)-smad2 (Cell Signaling Technology, 3108), anti-P-smad3 (Cell Signaling Technology, 9520), anti-JNK (Proteintech, 66210-1-Ig), anti-c-Jun (Proteintech, 66313-1-Ig), anti-P-JNK (Proteintech, 80024-1-RR), anti-P-cJun (Proteintech, 28891-1-AP), anti-α-tubulin (Proteintech, 66031-1-Ig), and anti-GAPDH (Proteintech, 60004-1-Ig). The dilution ratio of all antibodies was 1:1000.
2.2 Mouse Models and Treatment
Male C57BL/6 mice (21.3 ± 0.5 g), 7–8 weeks of age, were supplied by Beijing HFK Bioscience Co. Ltd. (Beijing, China). The mouse model of BLM-induced PF was based on previous literature published by our team (Zhang et al., 2020). AZM was dissolved in ethanol and diluted in normal saline. AZM was administered intraperitoneally at a dose of 50 mg/kg/day (the dose refers to the “toxicology” section of AZM drug instructions, which is equivalent to a dose of 500 mg/day in adults). The dose of AZM used in our study was consistent with that used in a previous asthma study (Beigelman et al., 2009). A total of 48 mice were divided into the following four groups: control: mice were intratracheally atomized with 50 μl of normal saline on day 0 and intraperitoneally injected with 100 μl of normal saline on day 7 for 3 weeks; BLM: mice were intratracheally atomized with 50 μl of BLM on day 0; BLM + AZM: mice were intratracheally atomized with 50 μl of BLM on day 0 and intraperitoneally injected with 100 μl of AZM on day 7 for 3 weeks; and AZM: mice were intratracheally atomized with 50 μl of normal saline on day 0, and intraperitoneal injection of 100 μl AZM was performed on day 7, lasting for 3 weeks. On the 28th day, mice were sacrificed by intraperitoneal injection of excessive sodium pentobarbital. All animals received care in accordance with the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals, and this experimental protocol was approved by the Committee on the Ethics of Animal Experiments of West China Hospital, Sichuan University (No. 2019022A).
2.3 Micro-CT Scanning
Referring to the method provided in previous literature (van Deel et al., 2016; Ruscitti et al., 2017), on the 28th day, all mice were scanned by microcomputed tomography (micro-CT). After mice were anesthetized with isoflurane, mouse lung imaging was conducted by a Quantum GX Micro-CT scanner (PerkinElmer, Inc., Waltham, MA) using the cardiorespiratory gated technique (Ruscitti et al., 2017). Images were obtained with an X-ray tube set to 90 kVp and 160 μA, projection radiographs were taken during the whole 360° gantry rotation, and the total scanning time was 4.5 min (Ruscitti et al., 2017).
2.4 Histological Analysis and Immunohistochemistry
Lung tissues were fixed in 4% formalin buffer, embedded in paraffin, and cut into 4 μm thick tissue sections. The sections were stained with hematoxylin-eosin (HE) and Masson’s trichrome staining. According to previous literature, the Ashcroft scoring system was used to assess the level of fibrosis (Ashcroft et al., 1988). Immunohistochemistry was used to evaluate the expression level of type I collagen in lung tissue. After the sections were dewaxed and rehydrated, endogenous peroxidase activity was inactivated with 3% H2O2. The sections were blocked in 5% bovine serum albumin and incubated with the anti-collagen I primary antibody at a dilution of 1:200. Then, the sections were incubated with the secondary antibody at room temperature and developed with diaminobenzidine for observation.
2.5 Cell Culture
According to the study published by Edelman et al., primary lung fibroblasts were isolated by the crawl out method (Edelman and Redente, 2018). Purified cells were identified by vimentin immunofluorescence using previously reported methods (Donaldson, 2015). Cells were seeded in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (Gibco, USA) and 1% penicillin-streptomycin (HyClone, USA) and cultured in a 37°C incubator with a humidified 5% CO2 atmosphere. Cell experiments were divided into 6 groups: control, TGF-β1, TGF-β1+AZM, TGF-β1+JNK inhibitor, AZM, and JNK inhibitor. To establish a cell model, primary lung fibroblasts were stimulated with 5 ng/ml TGF-β1 for 48 h as in the TGF-β1 group. Six hours before stimulation with TGF-β1, 10 μg/ml AZM was added to the culture medium as the intervention group (TGF-β1+AZM group). In addition, to verify whether AZM partially regulated the JNK/c-Jun signaling pathway involved in LOX and LOXL-2 expression, we added a JNK1 inhibitor (20 μM) 6 h before TGF-β1 stimulation (TGF-β1+JNK inhibitor group). Primary cells were used after no more than the fifth generation.
2.6 Real-Time PCR Analysis
Total RNA was extracted from lung tissue using TRIzol reagent (Invitrogen, USA) and reverse transcribed into complementary DNA (cDNA) according to the instructions of the PrimeScript™ RT reagent kit (Takara, Japan). iTaq Universal SYBR Green Supermix (Bio-Rad, United States) was used for real-time PCR (RT-PCR) to determine mRNA levels of α-SMA, collagen I, LOX, LOXL-2, and GAPDH. Table 1 shows the primer sequences, relative gene expression levels were normalized to GAPDH and calculated using the 2−ΔΔCt method.
TABLE 1 | Primers for quantitative RT-PCR.
[image: Table 1]2.7 Western Blot Analysis
Lung tissues or cells were fully lysed in RIPA buffer (Beyotime, China) containing a fresh mixture of protease and phosphatase inhibitors (MedChemExpress, United States).
The entire process was performed at 4°C. After centrifugation at 12000 r/min for 20 min, the supernatant was added to 5× protein sample loading buffers (Epizyme, China) and boiled for 10 min. A BCA protein kit (Thermo, USA) was used to determine protein concentrations. Denatured proteins were separated by 10% SDS-PAGE (Epizyme, China) and then transferred onto methanol-activated PVDF membranes (Millipore, USA) at a constant current of 400 mA. After blocking with 5% skim milk for 1 h, membranes were incubated with different primary antibodies overnight at 4°C. After washing the PVDF membrane several times, it was incubated with the appropriate secondary antibody (1:2,000) for 1 h at room temperature. Subsequently, ECL (GE Healthcare, United Kingdom) was used to visualize protein expression, and ImageJ software was used to analyze the band intensities.
2.8 Statistical Analysis
Statistical analysis was performed using GraphPad Prism Version 9.0 (GraphPad software, USA). All raw data are shown as the mean ± standard deviation. One-way ANOVA tests were used for analyzing differences, and Tukey’s multiple comparison test was used to compare multiple groups. The Kaplan-Meier method was used to draw the survival curve of each group. A p-value less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Azithromycin Attenuates Bleomycin-Induced Pulmonary Fibrosis in Mice
After a single intratracheal atomization of bleomycin (BLM), compared to the control group, the weight of mice in the BLM group was significantly reduced on day 28, and the mortality rate was 41.7% in the BLM group, which was significantly reversed (16.7%) after treatment with AZM (Figures 1A,B). There was no significant difference between the control group and the AZM group (Figures 1A,B). Microcomputed tomography (micro-CT) results showed that after a single dose of BLM intratracheal atomization, the lung structure of mice was destroyed, and imaging features of PF, such as grid shadow, strip shadow, honeycomb lung, and interstitial thickening, appeared in both lungs (Figure 1).
[image: Figure 1]FIGURE 1 | Azithromycin (AZM) attenuated bleomycin (BLM)-induced pulmonary fibrosis in mice. (A) Mice body weights were measured in Day 28. (B) Survival rate of mice in different groups. (C) Ashcroft score for the four groups were based on HE staining. The other images were micro CT results, HE staining, Masson staining, and collagen I staining in different groups (×200 magnification; scale bars = 100 μm). Data were presented as the means ± SD. **p < 0.01, ****p < 0.0001.
As shown in Figure 1, hematoxylin-eosin (HE) staining showed that in the BLM group, the alveolar septum was thickened, the alveolar structure was destroyed, and a large number of red blood cells and inflammatory cells infiltrated the alveolar and lung interstitium, while the alveolar structure in the control and AZM groups was normal. Masson staining revealed a large amount of collagen deposition in the lung tissue of the BLM group compared to the control group. AZM treatment significantly reduced inflammatory cell infiltration and collagen deposition and improved alveolar structure.
The fibrosis score of the BLM group was significantly higher than that of the control group, while the fibrosis score of the AZM treatment group was significantly reduced, suggesting that AZM effectively reduces BLM-induced pulmonary fibrosis (Figure 1C, p < 0.001).
3.2 Azithromycin Inhibits Expression of LOX and LOXL-2 in Mice With Bleomycin-Induced Pulmonary Fibrosis
LOX and LOXL-2 were found to be closely related to PF and interacted with the TGF-β and JNK signaling pathways (Sethi et al., 2011; Chien et al., 2014; Wei et al., 2017; Wu et al., 2018). As shown in Figure 2, western blot and Real-Time-polymerase chain reaction (RT-PCR) showed that protein and gene expression levels of α-smooth muscle actin (a-SMA) and type I collagen in the BLM group were significantly higher than those in the control group, and AZM effectively reduced expression levels of a-SMA and type I collagen. In addition, expression of LOX and LOXL-2 in the BLM group was significantly upregulated compared to the control group. After AZM intervention, expression of LOX and LOXL-2 in the BLM group was significantly lower than in the BLM group, exhibiting no difference from the control group (Figure 3).
[image: Figure 2]FIGURE 2 | AZM reduced the expression of alpha-smooth muscle actin (α-SMA) and Collagen 1 (COL 1) in lung tissue of mice with pulmonary fibrosis. (A,B) The protein expression of α-SMA and COL 1 was measured in each group by Western blot. (C,D) The gene expression of α-SMA and COL 1 was measured in each group by RT-PCR. Data were presented as the means ± SD (n ≥ 3). *p < 0.05, **p < 0.01, ****p < 0.0001.
[image: Figure 3]FIGURE 3 | AZM reduced the expression of lysyl oxidase (LOX) and lysyl oxidase-like protein (LOXL2) in lung tissue of mice with pulmonary fibrosis. (A,B) The protein relative expression of LOX and LOXL2 was measured in each group by Western blot. (C,D) The gene expression of LOX and LOXL2 was measured in each group by RT-PCR. Data were presented as the means ± SD (n ≥ 3). **p < 0.01, ***p < 0.001, ****p < 0.0001.
3.3 Azithromycin Inhibits the Activities of TGF-β/Smad and JNK/C-Jun Signaling Pathways in Mouse Pulmonary Fibrosis
The TGF-β signaling pathway is the most important regulatory pathway in pulmonary fibrosis. The activated TGF-β signaling pathway directly upregulates gene expression of the ECM and stimulates expression of many proinflammatory and fibrosis cytokines, such as interleukin, tumor necrosis factor-α, or platelet-derived growth factor, to further enhance and maintain the fibrotic response (Kang, 2017). The results showed that AZM significantly inhibited expression of TGF-β1 and phosphorylated Smad2 and Smad3 in the lung tissue of BLM-treated mice, while total Smad2 and Smad3 protein levels did not change (Figure 4). In addition, the JNK/c-Jun signaling pathway, another important pathway in the regulation of fibrosis, has attracted much attention in recent years (Grynberg et al., 2017). The results showed that expression levels of phosphorylated JNK and phosphorylated c-Jun proteins in the BLM group were significantly increased. Total JNK and c-Jun protein levels did not change, but JNK and c-Jun mRNA levels were significantly increased. AZM inhibited expression of phosphorylated JNK and phosphorylated c-Jun in the lung tissues of BLM-treated mice (Figure 4).
[image: Figure 4]FIGURE 4 | AZM suppressed the TGF-β1/Smad and JNK/c-Jun signaling pathway in BLM-induced mice. (A) Western blotting bands of TGF-β1/Smad and JNK/c-Jun pathway proteins in lung tissue of mice in different groups. (B,C) The protein relative expression of TGF-β1/Smad and JNK/c-Jun pathway proteins was measured in each group by Western blot. Data were presented as the means ± SD (n ≥ 3). **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant.
3.4 Azithromycin Attenuates LOX and LOXL-2 Expression in Mouse Lung Fibroblasts by Partially Inhibiting the JNK/C-Jun Signaling Pathway
As shown in Figure 5, we extracted mouse primary lung fibroblasts using previously reported research methods (Edelman and Redente, 2018) and determined the purity of these cells by fluorescence detection of vimentin. The results showed that the purity of primary lung fibroblasts was greater than 90%. According to previous literature, TGF-β1 (5 ng/ml) was used to stimulate fibroblasts to establish a cell model. LOX, LOXL-2, phosphorylated JNK and type I collagen were all significantly increased in response to TGF-β stimulation, while LOX, LOXL-2 and type I collagen levels were decreased and expression of phosphorylated JNK protein decreased simultaneously in response to AZM intervention. After blocking the JNK signaling pathway with SP600125, it was found that it had a similar effect to AZM intervention, and expression of LOX, LOXL-2, type I collagen, total JNK and phosphorylated JNK was significantly reduced (Figure 6). Therefore, these results preliminarily suggest that AZM may inhibit expression of LOX and LOXL-2 in fibroblasts, partly through the JNK/c-Jun signaling pathway.
[image: Figure 5]FIGURE 5 | Mice primary lung fibroblasts were isolated by crawl out method, and the immunofluorescence with anti-vimentin antibody was used to identify the cell purity (× 200 magnetization).
[image: Figure 6]FIGURE 6 | AZM and JNK1 inhibitor (SP600125) have similar effects, and reduced the expression of LOX and LOXL2 in mice primary lung fibroblasts induced by 5 μg/ml TGF-β1. (A,B) The protein expression of LOX, LOXL2, COL1, JNK and GAPDH was measured in each group by Western blot. (C,D) The gene expression of LOX and LOXL2 was measured in each group by RT-PCR. Data were presented as the means ± SD (n ≥ 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant.
4 DISCUSSION
Macrolide antibiotics, as anti-inflammatory and immunomodulatory agents, have become potential candidates for the treatment of PF (Krempaska et al., 2020). Our study revealed that AZM effectively reduced expression levels of α-SMA and type I collagen in BLM-induced PF in mice (Figure 1). In vitro, the study found that AZM also effectively inhibited the expression of type I collagen in mouse lung fibroblasts stimulated by TGF-β1 (Figure 6), which is consistent with results previously reported by Wuyts et al. (Wuyts et al., 2010). In addition, AZM could play a key role in reducing tissue remodeling through a variety of mechanisms, such as inhibiting airway epithelial cell apoptosis and epithelial-mesenchymal transition (Liu et al., 2017; Pu et al., 2018). A series of small sample retrospective studies suggested that macrolide antibiotics may improve the prognosis of patients with interstitial lung disease (ILD) (Kawamura et al., 2017; Nagasawa et al., 2021). We conducted a meta-analysis (data unpublished), and found that AZM effectively reduced the mortality of patients with acute exacerbation of ILD, and reduced the incidence of mechanical ventilation in patients.
The LOX protein family, a cross-linked enzyme of the ECM, plays a key role in ECM remodeling and modification, regulating the development of fibrosis (Aumiller et al., 2017; Bellaye et al., 2018; Guo et al., 2020). Our study showed that the expressions of LOX and LOXL-2 were significantly increased in BLM-induced PF in mice (Figure 3). To our knowledge, this study was the first time to show that AZM effectively inhibited expression of LOX and LOXL2 in BLM-induced PF in mice. In vitro, our study revealed that AZM also inhibited the expression of LOX and LOXL2 in TGF-β1-stimulated mouse primary fibroblasts, and this inhibitory effect is similar to the use of JNK specific inhibitors (Figure 6). Aumiller et al. found that expression of LOX and LOXL2 was significantly increased in IPF patients, mouse models and cell models of pulmonary fibrosis (Aumiller et al., 2017). Chien et al. found that higher serum LOXL2 levels was associated with increased risk for IPF disease progression (Chien et al., 2014). In animal study, LOX inhibitors (β-Aminopropiononitrile) could reduce myocardial fibrosis and alleviating myocardial hypertrophy (Martínez-Martínez et al., 2016). Guo et al. (2020) found that triptolide prevents nuclear translocation of NF-κB and DNA binding, effectively reducing the expression of LOX and alleviating the degree of radiation-induced PF in mice. Ikenaga et al. found that selective targeting of LOXL2 inhibits the progression of liver fibrosis and accelerates its reversion (Ikenaga et al., 2017). In a phase II clinical trial (NCT01769196), simtuzumab, a monoclonal antibody against LOXL2, did not improve progression-free survival in IPF patients (Raghu et al., 2017). However, the failure of the clinical trial may be attributed to lack of tissue penetration of the drug in human IPF lung (Meyer, 2017). Since AZM is highly enriched in lung tissues (Parnham et al., 2014), and it could effectively reduce the expression of LOX and LOXL-2, it may have great potential application value for the treatment of PF in the future.
Additionally, our results demonstrated that AZM significantly inhibited the TGF-β signaling pathway (Figure 4). In fibrotic disease, the TGF-β signaling pathway is primarily involved in regulating fibroblasts and EMT activation, promoting ECM production, maintaining fibroblast activity, and inhibiting metalloproteinases (Biernacka et al., 2011; Hu et al., 2018). In addition, TGF-β is widely involved in inflammation and immune regulation, which is also a crucial process in fibrosis (Meng et al., 2014; Hu et al., 2018). Ruan et al. found that AZM effectively inhibited TGF-β1 signaling, weaken the activation and differentiation of lung fibroblasts (Ruan et al., 2021). Previous studies have shown that TGF-β1 can significantly upregulate LOX mRNA and protein levels in fibroblasts and epithelial cells during fibrosis (Remst et al., 2014). Other studies have suggested that LOX regulates TGF-β through a feedback loop, which plays a role in skeletal muscle development and IPF (Remst et al., 2014). In addition, direct interaction between LOX and TGF reduced TGF-stimulated Smad3 activation (Remst et al., 2014). Our study suggested that the levels of LOX and LOXL-2 increased in parallel with the level of TGF-β1 in BLM group, and AZM could inhibit the expression of LOX and TGF-β1 (Figure 4). Therefore, we speculate that AZM reduces expression of LOX by inhibiting the TGF-β signaling pathway to attenuate the degree of PF (Figure 7).
[image: Figure 7]FIGURE 7 | The possible potential mechanism of AZM attenuated BLM induced pulmonary fibrosis in mice.
The JNK/c-Jun signaling pathway is a member of the mitogen-activated protein kinase (MAPK) superfamily, which plays an important role in cellular differentiation, apoptosis, stress response, inflammation and the occurrence and development of many human diseases (Bode and Dong, 2007). In a clinical study (NCT01203943), a JNK inhibitor (CC-930) effectively attenuated airway remodeling, reduced the production of pulmonary fibrosis markers, and improved lung function (van der Velden et al., 2016). However, the interaction between the JNK/c-Jun signaling pathway and the LOX protein family is still not well explored in fibrotic diseases. In the current study, we found that AZM effectively inhibited the JNK/c-Jun signaling pathway and simultaneously inhibited expression of LOX and LOXL2 (Figure 4). At the same time, we found that JNK pathway-specific inhibitors effectively inhibited expression of LOX and LOXL, attenuating the degree of PF (Figure 6). Our results were similar to the previous studies. A recent study suggested that AZM inhibits the MAPK/JNK signaling pathway in a human monocytic cell line (THP-1) induced by LPS (Kuo et al., 2019). Hiwatashi et al. (2011) found that AZM inhibits the proliferation of peripheral blood mononuclear cells by suppressing the activity of JNK and ERK. Based on the above findings, we speculated that AZM partially inhibits the JNK/c-Jun signaling pathway, downregulates expression of LOX and LOXL-2 levels, reduces the production of ECM, and ultimately attenuates PF (Figure 7).
Although our study revealed that AZM could attenuate PF by inhibiting the expression of LOX and LOXL-2, the regulatory mechanisms need to be further verified (e.g. using LOX inhibitors or knockdown mice). As we all know, a large number of cells, cytokines, enzymes, and signal pathways are involved in the regulation of ECM, but our study failed to explore other important factors (e.g. matrix metalloproteinases, MMPs) in the regulation of ECM. We will conduct in-depth and comprehensive study on the regulation mechanisms of ECM in the future, such as exploring the interaction between LOX and MMPs. In addition, more rigorous clinical studies or real-world studies need to be designed to accurately evaluate the value of AZM in the treatment of patients with PF.
In summary, AZM effectively attenuated BLM-induced PF in mice, which may occur by partially suppressing the JNK/c-Jun and TGF-β1/Smad signaling pathways and reducing LOX and LOXL2 production (Figure 7).
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Background: Multiple studies have revealed that idiopathic pulmonary fibrosis (IPF) patients are more at risk for cardiovascular diseases and that many IPF patients receive cardiovascular medications like statins, angiotensin-converting enzyme inhibitor (ACEI), angiotensin receptor blocker (ARB), and anticoagulants. Existing studies have reported divergent findings on the link between cardiovascular medications and fibrotic disease processes. The aim of this study is to synthesize the evidence on the efficacy of cardiovascular medications in IPF.
Methods: We searched studies reporting the effect of cardiovascular medications on IPF in the PubMed, Embase, Web of Science, Cochrane Library, and two Chinese databases (China National Knowledge Infrastructure database and China Wanfang database). We calculated survival data, forced vital capacity (FVC) decline, and IPF-related mortality to assess the efficacy of cardiovascular medications in IPF. We also estimated statistical heterogeneity by using I2 and Cochran Q tests, and publication bias was evaluated by risk of bias tools ROBINS-I.
Results: A total of 12 studies were included in the analysis. The included studies had moderate-to-serious risk of bias. Statin use was associated with a reduction in mortality (hazard ratio (HR), 0.89; 95% CI 0.83–0.97). Meta-analysis did not demonstrate any significant relationship between statin use and the FVC decline (HR, 0.86; 95% CI 0.73–1.02), ACEI/ARB use, and survival data (HR, 0.92; 95% CI 0.73–1.15) as well as anticoagulant use and survival data (HR, 1.16; 95% CI 0.62–2.19).
Conclusion: Our study suggested that there is a consistent relationship between statin therapy and survival data in IPF population. However, there is currently insufficient evidence to conclude the effect of ACEI, ARB, and anticoagulant therapy on IPF population especially to the disease-related outcomes in IPF.
Keywords: idiopathic pulmonary fibrosis, ACEI/ARB, statin, anticoagulants, meta-analysis
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a specific form of interstitial lung disease (ILD) (Raghu et al., 2011), characterized by progressive decline in lung function, worsening dyspnea, and impaired health-related quality of life. It generally progresses relentlessly and carries the poorest prognosis of the chronic idiopathic interstitial pneumonias, with a median survival of 3–5 years (Bjoraker et al., 1998). The pathogenesis of IPF is poorly understood. It is hypothesized that alveolar epithelial cell injury triggers release of cytokines such as transforming growth factor beta 1 (TGF-β1), platelet-derived growth factor (PDGF), and tumor necrosis factor (TNF) α. Cardiovascular diseases (Hyldgaard et al., 2014) are common comorbidities in patients with IPF, and many patients with IPF are receiving medications to reduce cardiovascular risk such as statins, anti-hypotentive agents, and anticoagulants. Statins are well known for its lipid-lowering properties through inhibition of 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) reductase (LaRosa et al., 1999). In vitro study on lung fibroblasts showed that simvastatin can inhibit the induction of collagen production by TGF-β (Oka et al., 2013). In vivo study showed that simvastatin treatment severely reduced fibrosis, bronchiole adventitial collagen, and bronchiole epithelium (Kruzliak et al., 2015). Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are widely used in the management of cardiovascular diseases and systemic hypertension (Chobanian et al., 2003). ACEI inhibits angiotensin I from converting to angiotensin II by inhibiting the activity of angiotensin converting enzyme, thus promoting vasodilation through the kallikrein–kinin system (KKS) to achieve the purpose of lowering blood pressure (Turner and Kodali, 2020). ARB directly inhibits the binding of angiotensin II type 1 receptor (AT1) with angiotensin II receptor (Piepho, 2000). In an in vitro study, ACEI has potential anti-pulmonary fibrosis effect by inhibiting apoptosis of human lung epithelial cells (Uhal et al., 1998). An in vivo study has proven that ACEI can alleviate focal alveolar lesions, alleviate lung inflammation and pulmonary fibrosis, and improve the survival rate of pulmonary fibrosis rats (Gao et al., 2013; Molteni et al., 2007). Anticoagulants are commonly used to combat thrombotic disorders such as atrial fibrillation and strokes. Recent studies have shown a systemic prothrombotic state in people with IPF (Navaratnam et al., 2014). Several researches with large datasets from different populations reveal an increased risk of vascular events in IPF patients (Hubbard et al., 2008; Sode et al., 2010; Sprunger et al., 2012; Schulman and Crowther, 2012). Also, coagulant and plasminergic proteases are likely to have fibrotic actions, which involve cell-mediated responses via receptors (e.g., PARs and uPAR) and coreceptors (e.g., integrins) (Schuliga, et al., 2018). Based on the above studies, it is thought that there may be a potential benefit to the use of anticoagulants in patients with IPF. There is increasing awareness that the broader pharmacologic properties of statins, ACEI, ARB, and anticoagulants encompass the abilities to modulate local fibroproliferative pathways in a variety of organ systems or prolong the survival of IPF patients.
Existing studies have reported divergent findings on the link between medications used for cardiovascular diseases and fibrotic disease processes. The potential effect of these medications in interstitial fibrosis remains unclear. IPF remains a progressive disease, and new antifibrotic therapies do not reverse existing fibrosis. To address this knowledge gap, we conducted a systematic review and meta-analysis of all medications used in cardiovascular diseases to evaluate their relative efficacy and safety for IPF. Therefore, evaluating the effect of the potential adjuvant therapy may offer new approaches in the management of IPF.
METHODS
Our systematic review and meta-analysis was conducted under the Cochrane Handbook (Higgins et al., 2020). Reporting was consistent with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Guise et al., 2017).
Search Strategy
We systematically searched PubMed, Embase, Web of Science, Cochrane Library (Cochrane Central Register of Controlled Trials), and two Chinese databases (China National Knowledge Infrastructure database and China Wanfang database) to identify non-randomized studies of cardiovascular medications for IPF published from January 2000 to July 2021, with no language restriction. The full search strategy was employed using combinations of MeSH terms and text words around “statin,” “hydroxymethylglutaryl-CoA reductase inhibitors,” “ACEI,” “angiotensin-converting enzyme inhibitors,” “angiotensin converting enzyme inhibitors,” “ARB,” “angiotensin receptor antagonists,” “angiotensin receptor blockers,” “anticoagulants,” “anticoagulant drugs,” “idiopathic pulmonary fibrosis,” “IPF,” “pulmonary fibroses,” “non-randomised studies,” “retrospective studies,” “prospective studies,” “cohort studies,” “case-control studies,” and “clinical trial.” Additional studies were derived from screening the reference lists of included non-randomized studies and previous systematic reviews.
Eligibility Criteria
We included the studies with the following criteria: 1) they included participants with diagnosis of IPF; 2) intervention involving any form of statins, ACEI, ARB, and anticoagulants; 3) controls including placebo or other IPF therapy; and 4) reporting disease-related outcomes including mortality and pulmonary function.
Data Extraction
Two independent authors (W-TZ and B-CZ) assessed all studies for eligibility, extracted the data, and assessed study quality. Disagreements were resolved by consensus-based discussion. The full-text articles were downloaded, and the same inclusion criteria were used to decide whether to include or exclude articles. Each reviewer carried out the quality assessment of each selected article, assessed the completeness of the data extraction, and confirmed the quality rating to reduce bias independently.
Quality Assessment
Three authors (W-TZ, B-CZ, and X-JW) evaluated all the included studies. Any disagreement was solved through discussion and rechecking of the article. For the included studies, the Cochrane risk of bias tool ROBINS-I was used to assess the risk of bias (Sterne et al., 2016), including 1) confounding, 2) selection of participants into the study, 3) classification of interventions, 4) intended intervention, 5) missing data, 6) measurement of outcomes, and 7) selection of the reported results and other possible sources of bias. In this way, all articles selected for inclusion in the review were graded under the categories of low, moderate, serious, critical, or no information risk of bias.
Data Synthesis
Primary outcome measurements of survival data were performed. Since survival data include survival outcomes such as survival rate, mortality, censoring, and survival time, we merged the survival data in the meta-analysis. Secondary outcomes were forced vital capacity (FVC) decline and IPF-related mortality. Where more than one study reported the same outcome measured in similar way, a meta-analysis was undertaken. Alternatively, a narrative synthesis of the findings was conducted. For meta-analysis, we calculated a hazard ratio (HR) and 95% CIs using a fixed-effects model. Heterogeneity of included studies was quantified using the chi-squared test (Q test) and I2 statistic. We used RevMan software for statistical analysis.
RESULTS
Study Selection and Characteristics of the Included Studies
We initially identified 2,270 potentially relevant publications through database searches and other sources. After deleting 313 duplicate articles, we screened the titles and abstracts of 43 related articles. Thirty-five articles were selected for full-text review. Ultimately, 12 studies met our inclusion criteria and were included for the final analysis (Figure 1). The characteristics of studies included in the systematic review and meta-analysis are shown in Table 1.
[image: Figure 1]FIGURE 1 | Flowchart.
TABLE 1 | Characteristics of the included studies.
[image: Table 1]Risk of Bias
A total of 12 non-randomized studies were included in this study, of which seven were retrospective studies and five were prospective studies. The above studies were reasonable for non-randomized studies, but none of them could achieve the quality of well-implemented randomized trials. Therefore, the overall bias was assessed as moderate-to-serious risk (Figure 2). The lack of diagnostic criteria for IPF in a prospective cohort study (Ekström and Bornefalk-Hermansson, 2016) based on the National Swedevox Register, where approximately 80% of the patients had IPF, assessed the bias in selection of participants as high risk. One retrospective cohort study (Durheim Michael T, 2020) had data from 740 hospitals in the United States, but the data registration information was not stated in the article, so the bias due to missing data was assessed as moderate risk. Although five studies (Nadrous Hassan F, 2004; Durheim Michael T, 2020; M Lambert Eline, 2021; Kubo et al., 2005; Tomassetti S, 2013) had no indications for selective reporting, they lacked evidence support such as prior registration information or data analysis plan, so their bias in selection of the reported result was assessed as a moderate risk of bias.
[image: Figure 2]FIGURE 2 | Risk of bias graph.
Meta-Analysis Result of Statin
Of seven included statin studies, six studies reported the survival data. In the fixed-effects meta-analysis, statin use was associated with a reduction in mortality (HR, 0.89; 95% CI 0.83–0.97) (Figure 3A).
[image: Figure 3]FIGURE 3 | Meta-analyses of the included studies examining overall survival and FVC for statin vs. no statin. The marker size indicates the relative weight of the study, as it contributes to the results of the overall comparison. IV indicates inverse-variance random-effects analysis; HR, hazard ratio; FVC, forced vital capacity.
Two studies involving 1,685 patients reported on a composite measure of FVC decline of >10% or death. The meta-analysis did not demonstrate any significant relationship between statin use and the composite outcome (HR, 0.86; 95% CI 0.73–1.02) (Figure 3B).
Meta-Analysis Result of Angiotensin-Converting Enzyme Inhibitor/Angiotensin Receptor Blocker
Four studies involving 1,955 patients reported a relationship between ACEI/ARB use and survival data. The meta-analysis did not demonstrate any significant relationship between ACEI/ARB use and survival data (HR, 0.92; 95% CI 0.73–1.15) (Figure 4).
[image: Figure 4]FIGURE 4 | Meta-analyses of the included studies examining overall survival for ACEI/ARB vs. no ACEI/ARB. The marker size indicates the relative weight of the study, as it contributes to the results of the overall comparison. IV indicates inverse-variance random-effects analysis; HR, hazard ratio; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.
Meta-Analysis Result of Anticoagulants
Six studies involving 2,172 patients reported a relationship between anticoagulant use and survival data. Although the meta-analysis did not demonstrate any significant relationship between anticoagulant use and survival data (HR, 1.16; 95% CI 0.62–2.19) (Figure 5), five of six studies included in the meta-analysis showed that patients given anticoagulant medication remained at increased risk of mortality.
[image: Figure 5]FIGURE 5 | Meta-analyses of the included studies examining overall survival for anticoagulant vs. no anticoagulant. The marker size indicates the relative weight of the study, as it contributes to the results of the overall comparison. IV indicates inverse-variance random-effects analysis; HR, hazard ratio.
DISCUSSION
IPF is defined as a chronic, progressive, fibrosing ILD of unknown etiology. Multiple studies have revealed associated pulmonary as well as extra-pulmonary comorbidities (Buendía-Rold´an et al., 2017). Likewise, patients are more at risk for cardiovascular disorders such as ischemic heart disease, atrial fibrillation, and thrombotic vascular events. To reduce their cardiovascular risk, many IPF patients receive cardiovascular medications like statins, ACEI, ARB, and anticoagulants (Hubbard, et al., 2008). Existing studies have reported divergent findings on the link between medications used for cardiovascular diseases and fibrotic disease processes. Given the increasing awareness that pharmacologic properties of statins, ACEI, ARB, and anticoagulants encompass the abilities to modulate fibroproliferative pathways, therefore, identifying the treatment with the best safety and efficacy is important. This systematic review and meta-analysis including 12 non-randomized studies, covering four types of cardiovascular medications, aimed to evaluate the relationship between cardiovascular medications and IPF. To the best of our knowledge, this is currently the first systematic review and meta-analysis investigating different types of cardiovascular medications for IPF. Our study suggested a consistent relationship between statin therapy and all-cause mortality in IPF population. There was no statistically significant association between ACEI/ARB use and decline in FVC. Meanwhile, although the meta-analysis did not demonstrate any significant relationship between anticoagulant use and survival data, we found that all the six studies related to survival data showed the result that patients given anticoagulant medication remained at increased risk of mortality.
Regarding the statin use in IPF patients, of seven included studies, five studies reported survival analysis, through which three studies suggested a beneficial effect of statins on survival. One study reported IPF-related mortality, which suggested that statin use at baseline significantly reduced chance of IPF-related death. Two studies reported on a composite measure of FVC decline of >10% or death with no statistically difference. Regarding the ACEI/ARB use in IPF patients, of four included studies, only one study suggested that ACEI/ARB treatment is related to improving the survival of IPF patients, same with the result of meta-analysis. Regarding the anticoagulant use in IPF patients, of six included studies, only one study suggested that warfarin has a beneficial effect on survival in patients with IPF. Interestingly, others all indicated that patients treated with anticoagulants had a worse survival. Above all, we found that among the cardiovascular medications, only statin was beneficial to survival data of IPF patients. However, since only one study reported IPF-related death, we could not specify the true pharmacological action on IPF clearly. More studies focused on the outcome of IPF-related death should be conducted in the future.
This study has some limitations. Firstly, we concentrated our research on published literatures and did not screen gray literature. This is because the use of the risk of bias tools ROBINS-I requires very explicit and comprehensive reporting of the primary research study. Secondly, most studies used all-cause mortality and survival rate but not IPF-related death as their primary outcomes. So the causes of death were missing in the majority of studies. Thirdly, all studies included are non-randomized, and half of the studies are retrospective. Therefore, there exists some bias due to missing data and confounding that cannot be avoided. Given these challenges, larger-scale samples and higher-quality studies are needed in the future to draw conclusions about the exact causal relationship between survival data of IPF and cardiovascular medications.
Nevertheless, a crucial strength of the present study lies in the large number of included patients and full analysis of the relationship between different types of cardiovascular medications and survival data. Lastly, we would like to propose two suggestions for future clinical trials especially randomized controlled trials (RCTs) of cardiovascular medications for IPF. The combination, especially with antifibrotic drugs, could maximize the treatment effects of cardiovascular medications, but the majority of included trials were not clarified. If the included patients are grouped according to different antifibrotic treatments or non-antifibrotic treatments, then we can then classify and synthesize the outcome data as different types of syndromes in the systematic review, and the analyzed results can provide more pointed guidance for clinical practice. On the other hand, the quality of life of patients was not reported in most of the included studies. As IPF is defined as a chronic, progressive ILD, the multidimensional quality of life is an indispensable indicator and evaluation tool to show the trend of treatment effectiveness. We suggested that future prospective trials should be improved in related fields.
CONCLUSION
Our study suggested a consistent relationship between statin therapy and survival data in IPF population. However, there is currently insufficient evidence to conclude the effect of ACEI, ARB, and anticoagulant therapy on IPF population especially to the disease-related outcomes in IPF. Considering the limitations of available literature, we would recommend a prospective RCT or cohort study that captures IPF-related outcomes of cardiovascular medications and use of concurrent antifibrotic treatment.
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Background: The exacerbation of non-cystic fibrosis bronchiectasis (NCFB) may lead to poor prognosis. The objective of this study was to retrospectively analyze the clinical efficacy and safety of endobronchial therapy with gentamicin and dexamethasone after airway clearance by bronchoscopy in the exacerbation of NCFB.
Methods: We retrospectively reviewed 2,156 patients with NCFB between January 2015 and June 2016 and 367 consecutive patients with exacerbation of bronchiectasis who had complete data and underwent airway clearance (AC) by bronchoscopy. The final cohort included 181 cases of intratracheal instillation with gentamicin and dexamethasone after AC (a group with airway drugs named the drug group) and 186 cases of AC only (a group without airway drugs named the control group). The last follow-up was on June 30, 2017.
Results: The total cough score and the total symptom score in the drug group were improved compared to those in the control group during 3 months after discharge (p < 0.001). Re-examination of chest HRCT within 4–6 months after discharge revealed that the improvements of peribronchial thickening, the extent of mucous plugging, and the Bhalla score were all significantly improved in the drug group. Moreover, the re-exacerbations in the drug group were significantly decreased within 1 year after discharge. Univariate analysis showed a highly significant prolongation of the time to first re-exacerbation in bronchiectasis due to treatment with airway drugs compared with that of the control group. Multivariate Cox regression analysis showed that the risk of first re-exacerbation in the drug group decreased by 29.7% compared with that of the control group.
Conclusion: Endobronchial therapy with gentamicin and dexamethasone after AC by bronchoscopy is a safe and effective method for treating NCFB.
Keywords: bronchiectasis, exacerbation, bronchoscopy, gentamicin, dexamethasone
Clinical Trial Registration: http://www.chictr.org.cn, identifier ChiCTR1900022247.
INTRODUCTION
Non-cystic fibrosis bronchiectasis (NCFB) is a chronic suppurative and inflammatory lung disease of diverse etiology characterized by pathological and irreversible dilatation of the bronchial tree (Polverino et al., 2017). The impairment of the mucociliary clearance, which results from chronic airway inflammation, may cause long-term colonization or recurrent infection of bacteria, especially Pseudomonas aeruginosa (PA), while bacterial colonization and recurrent infection can aggravate airway inflammation (Flume et al., 2018). Sputum retention caused by the impairment of mucociliary clearance can result in mucous plugs, which in turn contribute to airflow obstruction and dyspnea (McShane et al., 2013). Clinically, the major manifestations of NCFB are chronic cough with purulent sputum, dyspnea, and fatigue that may diminish the patients’ quality of life (King et al., 2006; Martínez-García et al., 2006). The frequency of exacerbation and the decline in lung function may lead to poor prognosis in NCFB (Loebinger et al., 2006). The mean frequency of exacerbations per NCFB patient per year was 1.8 (SD, 1.4), with a hospitalization rate from 26.6 to 40.4% (Chalmers et al., 2014). The expected mortality rate in patients with NCFB is more than twice as high as that in healthy people (Loebinger et al., 2006).
The purpose of NCFB management is to reduce exacerbation, prevent complications, and improve the quality of life (Polverino et al., 2017). Long-term nebulized gentamicin can reduce the concentration of bacteria in the airways, decrease sputum production, attenuate lung function decline, and reduce acute pulmonary exacerbations without nephrotoxicity or ototoxicity (Murray et al., 2011). Yet, some patients may have bronchospasm, dyspnea, and chest pain and may not tolerate long-term nebulized antibiotics (Couch, 2001; Haworth et al., 2019). Dexamethasone is one of the most common glucocorticoids which can inhibit the expression levels of inflammatory factors in the airway and reduce the secretion of airway mucus (Chan et al., 2008). Nimmo et al. investigated the pulmonary deposition of dexamethasone after intratracheal instillation by using radiolabeled dexamethasone in the Survanta mixture to rats (Nimmo et al., 2002). They found that the instilled dexamethasone was well-distributed throughout all four lobes of the lungs. A similar distribution of dexamethasone was observed when using saline as the vehicle. Topical administration could also reduce the systemic side effects. Based on these research studies, we have found that endobronchial therapy with gentamicin and dexamethasone after airway clearance (AC) by bronchoscopy in the exacerbation of NCFB could alleviate the severity of bronchiectasis and reduce the occurrence of exacerbations without any obvious side effects, after many years of exploration in clinical practice. In the current study, we retrospectively reviewed the diagnosis and treatment of 367 patients with exacerbation of NCFB in order to preliminarily evaluate the efficacy and safety of this method.
MATERIALS AND METHODS
Patients
Data from patients with exacerbation of NCFB who underwent AC by bronchoscopy were retrospectively collected from inpatients at the Shanghai Pulmonary Hospital (Shanghai, China) between January 1, 2015 and June 30, 2016. The last follow-up was performed on June 30, 2017.
The inclusion criteria were as follows: patients with NCFB confirmed by chest high-resolution computed tomography (HRCT); patients needing antibiotic treatment at the hospital due to exacerbation (Pasteur et al., 2010); and patients who underwent AC by bronchoscopy at the hospital. Exclusion criteria were as follows: the presence of cystic pulmonary fibrosis; patients with active pulmonary tuberculosis; those awaiting surgery; patients who underwent interventional therapy for hemoptysis; those with allergic bronchopulmonary aspergillosis (ABPA); and patients who did not undergo bronchoscopy for different reasons or combined with lung cancer.
In the drug group (a group treated with airway drugs), the mixture of 2 ml of 0.9%-physiological saline was pre-heated to 37°C (Otsuka Pharmaceutical Co. Ltd.) along with 2 ml gentamicin sulfate (80000U, Yichang Renfu Pharmaceutical Co. LTD) and 1 ml dexamethasone sodium phosphate injection was administered (5 mg, Guangzhou Baiyunshan Tianxin Pharmaceutical Co. Ltd.). Topical intrabronchial therapy was administered by using the abovementioned saline, gentamicin, and dexamethasone after AC by bronchoscopy. The patients from the control group (the group treated without airway drugs) had recently undergone AC by bronchoscopy.
Interventions
All patients received routine treatment, such as anti-inflammation and symptomatic treatment, at the hospital, and they all signed the informed consent form before bronchoscopy. After the airway mucus was removed, the bronchial tubes in which the NCFB was located were irrigated by 10–20 ml of 0.9% physiologic saline at 37°C, after which the bronchoalveolar lavage fluid was retrieved for testing. According to the amount of mucus in the airway, appropriate irrigation can be carried out repeatedly. There were no other drugs in the bronchus of the control group. The aforementioned mixture of gentamicin, dexamethasone, and saline was infused according to the region of the lesion in the drug group, for example, in the bifurcation region of the bronchus of localized bronchiectasis and in the bifurcation region of the upper (including the lingular segment) or lower lobe (including right middle lobe) of the bronchus on one side or both sides depending on unilateral or bilateral diffuse NCFB. An ECG monitor instrument was used during and after the operation to observe the presence of adverse events.
Assessments
We collected the hospitalization data (as baseline data) of patients during the exacerbation of NCFB, including age, gender, smoking history, body mass index (BMI), duration of NCFB, past medical history and complications, clinical symptoms, blood routine test, arterial blood gas, microbial culture results of sputum and alveolar lavage fluid, pulmonary function, and chest HRCT. The follow-up data included the clinical symptoms present at 3 months after discharge, the chest HRCT within 4–6 months after discharge, the numbers of exacerbation within 12 months after discharge, and the time taken to the first re-exacerbation and the use of antibiotics after discharge. The clinical symptom score scale of NCFB was developed according to the domestic and foreign literatures (Torrego et al., 2006; Quittner et al., 2015; Bai et al., 2014) (Supplementary Table 1). The chest HRCT was independently reviewed by two experienced radiologists, and the severity of bronchiectasis was graded by using the Bhalla scoring system (Bhalla et al., 1991; Oikonomou et al., 2008) (Supplementary Table 2). The cumulative months of oral and intravenous antibiotics were recorded within 1 year after discharge.
Statistical Analysis
The measurement data were all expressed by mean ± SD (standard deviation), and the counting data were expressed by rate (%) or composition rate (%). Student’s t-test was used for comparison of the normally distributed continuous data, and the Mann–Whitney U test was used for non-normally distributed data. The differences of categorical variables were assessed by the chi-square test or Fisher’s exact test. A two-tailed p-value less than 0.05 was considered statistically significant. The Kaplan–Meier curves were used to evaluate differences between patients in the drug and control groups for the time period taken to first re-exacerbation. The log-rank test was utilized to determine statistical significance when comparing the curves. Multivariable Cox proportional hazards regression analyses were used to calculate the hazard ratio (HR) and 95% confidence intervals (CIs) for the first re-exacerbation associated with or without airway drugs. All data were processed and analyzed using Statistical Package for Social Sciences (SPSS), version 20.0 and Graphpad Prism 7.0.
RESULT
A total of 2,156 hospitalized patients who were diagnosed with NCFB were enrolled in the study. 367 patients were finally included in this study, including 181 cases in the drug group and 186 cases in the control group (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart of the study. CF, cystic fibrosis; TB, tuberculosis; ABPA, allergic bronchopulmonary aspergillosis.
The Baseline Data of the Patients in the Two Groups During Exacerbation
The baseline data of the patients in the two groups during exacerbation are shown in Table 1. Although the partial pressure of oxygen (PaO2) in the drug group was significantly lower than that in the control group (p < 0.05), the mean values of the two groups were both greater than 80 mmHg, and there was no difference between the two groups in blood oxygen saturation (p > 0.05), which suggested that the baseline levels of PaO2 in the two groups were comparable. There was no significant difference between the two groups in the past medical history and comorbidities (Supplementary Table 3; all p > 0.05). 240 (65.40%) patients were found with secretions under the bronchoscope. At the same time, there was no significant difference between 123 cases (67.96%) in the drug group and 117 cases (62.90%) in the control group (χ2 = 1.035, P>0.309). The mucous plug was found under the bronchoscope in 11 patients (3.00%), and no significant difference was found between the drug group {[seven cases (3.87%) and the control group [four cases (2.15%) (χ2 = 0.930, p = 0.335)]}. A small amount of hemorrhage was observed in one case under the bronchoscope in each group.
TABLE 1 | Baseline data and clinical characteristics of subjects with non-CF bronchiectasis during exacerbation.
[image: Table 1]There were no significant differences in the clinical symptoms in the two groups during exacerbation (Table 2; p > 0.05).The chest HRCT during exacerbation was compared between the two groups. There were no significant differences in all the items of the Bhalla score for all 367 patients (Supplementary Table 4; all p > 0.05). The detection of pathogenic bacteria during exacerbation was analyzed. The isolation rates of PA in the two groups (including sputum and/bronchoalveolar lavage fluid) were 28.18% (51/181) and 19.89% (37/186), respectively (p = 0.063). The detection rates of non-tuberculous mycobacteria were 9.94% (18/181) and 6.45% (12/186) (p = 0.222), and the isolation rates of other pathogenic bacteria were 6.63% (12/181) and 8.06% (15/186) (p = 0.599). There were no significant differences in the presence of pathogenic microorganisms between the two groups during exacerbation.
TABLE 2 | Comparison of clinical symptom scores.
[image: Table 2]Changes in Clinical Symptoms, Chest HRCT, and Pulmonary Function
The clinical symptoms of all the patients were reassessed 3 months after discharge (all p < 0.05; Table 2; Figure 2), and some patients underwent chest CT (105 patients) and pulmonary function (24 patients) again within 12 months after discharge (Table 3; Figure 3 and Supplementary Table 5).
[image: Figure 2]FIGURE 2 | Tendency charts of the total cough score and total symptom score in the two groups three months after discharge. *p < 0.05.
TABLE 3 | Comparison of HRCT within 4–6 months.
[image: Table 3][image: Figure 3]FIGURE 3 | HRCT features before and after endobronchial therapy with non-CF bronchiectasis. (A,B) 42-year-old female patient with airway drugs. Cough and expectoration repeatedly for 4 years. (A) HRCT during exacerbation. (B) HRCT 5 months later. (C,D) 63-year-old female patient in the drug group. Cough and expectoration repeatedly for 40 years. (C), HRCT during exacerbation. (D) HRCT 4 months later.
The Re-Exacerbation and Antibiotic Usage
Within 12 months after discharge, 119 re-exacerbation events occurred in the drug group, which was significantly less (171) than those in the control group (Table 4; Figure 4). The time to first re-exacerbation was significantly prolonged in the drug group compared with the control group (6.35 ± 3.13 months versus 5.33 ± 3.00 months, p = 0.017), and the frequency of re-exacerbation was significantly lower in the drug group (χ2 = 7.162, p = 0.007) (Figure 5A). After adjusting for age, gender, smoking history, BMI, duration of NCFB and PaO2, oxygen saturation, hemoglobin, total clinical symptom score, Bhalla score, and the detection rate of PA during an exacerbation, multiple Cox regression model results showed that the risk of the first re-exacerbation in the drug group was 70.3% that of the control group (HR = 0.703, 95% CI: 0.516–0.956, p = 0.025). The risk was reduced by 29.7% because of the airway drugs (Figure 5B).
TABLE 4 | Comparisons of the number of re-exacerbations and the cumulative months of the antibiotic usage within 12 months.
[image: Table 4][image: Figure 4]FIGURE 4 | Number of re-exacerbations within 12 months in the two groups.
[image: Figure 5]FIGURE 5 | Proportion of patients free from re-exacerbations. (A) Result of univariate analysis. (B) Result of multivariate Cox regression analysis.
The number of cumulative months of the antibiotics used in the drug group was significantly lower than that in the control group within 1 year after discharge (p < 0.05). Moreover, 93 (51.38%) patients did not use oral antibiotics, and 127 patients (70.17%) in the drug group did not use antibiotics intravenously, which were both significantly higher than those in the control group (67, 36.02% and 110, 59.14%, p = 0.003 and 0.027) (Table 4).
Adverse Events
During the bronchoscopy procedure, six patients (1.63%) altogether experienced bronchoscopy-related bleeding, including four patients in the drug group and two patients in the control group (p = 0.656). The bleeding stopped after local instillation of hemagglutinin or epinephrine, and there was no persistent bleeding. No other adverse events occurred during the operation procedures.
DISCUSSION
During the exacerbation of NCFB, the main clinical manifestations include cough, abundant and viscous sputum, and similar symptoms, all of which may affect the patients’ respiratory function and quality of life. In this study, the total cough score in patients with NCFB during exacerbation was significantly higher, the expectoration volume was increased, and the sputum was stiff. Intratracheal secretions was observed under bronchoscopy in 65.40% of the patients.
Bronchoscopy has been widely used as a routine method for diagnosing and treating airway diseases (Du Rand et al., 2011; Du Rand et al., 2013; Pizzutto et al., 2013). According to the European Respiratory Society guidelines (Polverino et al., 2017), patients with bronchiectasis should be regularly subjected to airway clearance techniques (ACT) to facilitate secretion removal and reduce cough symptoms (Lee et al., 2015). Bronchoscopy can effectively remove vast intratracheal viscous sputum and mucous plugs under direct vision, stimulate cough reflex, and facilitate expectoration of the sputum. It can also effectively promote the recruitment of airway collapse and help remove pathogenic bacteria rapidly (Kreider and Lipson, 2003). In this study, we found that after removing mucus and bronchoalveolar lavage under bronchoscopy, the cough and expectoration volume of the patients in both groups during follow-up showed significant improvement (Table 2), which suggest that mucous removal by bronchoscopy (including aspiration and lavage) is an effective method for AC in NCFB patients.
Previous studies have shown that long-term nebulized gentamicin is effective for NCFB (Murray et al., 2011). No patient had a gentamicin-resistant PA strain at the end of the 12 month follow-up. In this study, the local instillation of gentamicin in the NCFB lesion increased the local drug concentration and changed the living condition of the bacteria, thus directly acting as a bactericidal and bacteriostatic agent, which could avoid the inhalation-related adverse reactions.
Dexamethasone is a long-acting glucocorticoid with strong anti-inflammatory effects and can also be used as a topical medication for other diseases. For example, intratympanic dexamethasone injection can be used to treat sudden sensorineural hearing loss with no serious side effects (El Sabbagh et al., 2017). These findings support the advantages of using dexamethasone as a topical medication. Our results revealed that, based on bronchoscopy AC therapy, topical instillation of gentamicin and dexamethasone significantly improved the symptoms of cough and sputum compared to simple clearance (Table 2). The incidence of re-exacerbation was also significantly lower than that in the control group (Table 4; Figures 4, 5).
In addition to the improvement of clinical symptoms and re-exacerbation, the changes of chest HRCT showed that the local instillation of gentamicin and dexamethasone after the removal of airway mucus could alleviate the inflammation of the bronchial walls, reduce the formation of sputum plugs, and relieve the lung injury and damage through the anti-infection and anti-inflammatory mechanisms (Table 3; Figure 3).
Exacerbation implies the need for antibiotics because of the deterioration in local symptoms and/or systemic upset due to infection. In the present study, the data of re-exacerbation and antibiotic usage (Table 4) showed that endobronchial therapy with gentamicin and dexamethasone after AC by bronchoscopy could reduce exacerbation and avoid the occurrence of drug resistance and other adverse reactions caused by frequent systemic antibiotics. Furthermore, it could lessen the financial and social burden.
In this study, only six patients suffered from bronchoscopy-related bleeding. The remaining patients experienced no adverse events. The measurement of local instillation with gentamicin and dexamethasone did not bring additional adverse events. Therefore, endobronchial therapy with gentamicin and dexamethasone after AC by bronchoscopy is safe.
LIMITATIONS
We found that endobronchial therapy with gentamicin and dexamethasone after AC by bronchoscopy is a safe and effective therapy for the exacerbation of NCFB in clinical practices. The results of this retrospective real-world study are exploratory and should be confirmed by a prospective randomized trial in the future.
CONCLUSION
Endobronchial therapy after AC by bronchoscopy is a safe and effective treatment measure for the exacerbation of NCFB that can quickly and efficiently remove airway secretions under direct vision. The local application of gentamicin and dexamethasone has a direct effect on sterilization and bacteriostasis and can enhance local anti-inflammatory effects. It can also enhance the treatment outcomes, reduce and delay exacerbation, minimize the use of antibiotics, and improve the quality of life.
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Background: Paeonol (Pae) is a natural phenolic compound isolated from Cortex Moutan, which exhibits anti-atherosclerosis (AS) effects. Our previous work demonstrated that gut microbiota plays an important role during AS treatment as it affects the efficacy of Pae. However, the mechanism of Pae in protecting against vascular fibrosis as related to gut microbiota has yet to be elucidated.
Objective: To investigate the antifibrosis effect of Pae on AS mice and demonstrate the underlying gut microbiota-dependent mechanism.
Methods: ApoE-/- mice were fed with high-fat diet (HFD) to replicate the AS model. H&E and Masson staining were used to observe the plaque formation and collagen deposition. Short-chain fatty acid (SCFA) production was analyzed through LC-MS/MS. The frequency of immune cells in spleen was phenotyped by flow cytometry. The mRNA expression of aortic inflammatory cytokines was detected by qRT-PCR. The protein expression of LOX and fibrosis-related indicators were examined by western blot.
Results: Pae restricted the development of AS and collagen deposition. Notably, the antifibrosis effect of Pae was achieved by regulating the gut microbiota. LC-MS/MS data indicated that the level of SCFAs was increased in caecum contents. Additionally, Pae administration selectively upregulated the frequency of regulatory T (Treg) cells as well as downregulated the ratio of T helper type 17 (Th17) cells in the spleen of AS mice, improving the Treg/Th17 balance. In addition, as expected, Pae intervention can significantly downregulate the levels of proinflammatory cytokines IL-1β, IL-6, TNF-α, and IL-17 in the aorta, and upregulate the levels of anti-inflammatory factor IL-10, a marker of Treg cells. Finally, Pae’s intervention in the gut microbiota resulted in the restoration of the balance of Treg/Th17, which indirectly downregulated the protein expression level of LOX and fibrosis-related indicators (MMP-2/9 and collagen I/III).
Conclusion: Pae attenuated vascular fibrosis in a gut microbiota-dependent manner. The underlying protective mechanism was associated with the improved Treg/Th17 balance in spleen mediated through the increased microbiota-derived SCFA production. Collectively, our results demonstrated the role of Pae as a potential gut microbiota modulator to prevent and treat AS.
Keywords: paeonol, atherosclerosis, gut microbiota, Treg/Th17 balance, vascular fibrosis
INTRODUCTION
Atherosclerosis (AS) is a chronic inflammatory disease that is characterized by the development of fibrotic plaques in the arterial wall (Lan et al., 2013). Despite therapeutic advances in the management of chronic vascular inflammation (Sanchez-Madrid and Sessa, 2010; Colmorten et al., 2019), there have been limited improvements in specific antifibrotic therapies for AS. Gut microbiota and abnormal immune response have been implicated as the main risk factors for developing AS (Jonsson and Backhed, 2017). The development of AS plaques can be affected by a distant infection (Shah, 2019).
Recent interest has emerged in understanding the crosstalk between gut microbiota and the host immune system by controlling the balance of T (Treg) and T helper type 17 (Th17) cells (He et al., 2020; Saigusa et al., 2020). Th17 cells, characterized by the production of proinflammatory cytokines IL-17, are a major contributor in the development of AS (Taleb et al., 2015). In contrast, Treg cells have been identified as dedicated suppressors of diverse immune responses and inflammations through the secretion of the anti-inflammatory cytokine IL-10 (Ou et al., 2018). Th17 and Treg cells play an important role in regulating vascular plaque ECM composition and vascular fibrosis through modulating the expression of collagen and MMPs (Slobodin and Rimar, 2017). However, the reduced diversity of gut microbiota causes the Treg/Th17 balance to tend toward Th17 cells, which, in turn, aggravates vascular fibrosis.
Short-chain fatty acids (SCFAs) have been shown to promote Treg cell differentiation and inhibit inflammatory reaction (Liu et al., 2020). Therefore, gut microbiota diversity and microbiota-derived SCFAs altering the Treg/Th17 balance play important roles in the vascular fibrosis. The enzyme lysyl oxidase (LOX) upregulation is associated with vascular fibrosis (Martinez-Gonzalez et al., 2019). A study has shown that Th17 and Treg might modulate LOX expression through their characteristic cytokines IL-17 and IL-10, respectively, thereby regulating fibrosis (Lu et al., 2020). Taken together, the disruption of Treg/Th17 balance and gut microbiota-derived beneficial SCFA reduction are important parameters of the vascular fibrosis in AS.
Paeonol (2'-hydroxy-4'-methoxyacetophenone, Pae) is an active compound isolated from Cortex Moutan root, which has shown potent anti-AS, anti-inflammation, and even antibacterial biological activities (Pan and Dai, 2009; Wu et al., 2020). As a natural compound, the anti-AS activity of Pae has been suggested to be due to its anti-inflammation effect, which is related to its reduction of the production of NLRP3 inflammasomes in endothelial cells (Li et al., 2009; Shi et al., 2020). Furthermore, Pae has antifibrotic functions against pulmonary and renal fibrosis in mice, respectively (Liu et al., 2017; Zhang et al., 2018). Our previous work demonstrated that gut microbiota plays an important role during AS treatment as it affects the efficacy of Pae. However, the mechanism of Pae in protecting against vascular fibrosis as related to gut microbiota has yet to be elucidated.
In this study, we investigated for the first time the effect of Pae administration on vascular fibrosis. To identify the role of gut microbiota in mediating the protective effect of Pae on vascular fibrosis, gut microbiota depletion and fecal microbiota transplant (FMT) were conducted. Finally, the underlying gut microbiota-dependent mechanism was also explored.
MATERIALS AND METHODS
Animals
ApoE-/- mice weighing 17–27 g were purchased from Cavens Laboratory Animal Co., Ltd (Changzhou, China) and used to build the AS animal model. All male ApoE-/- mice of 6 weeks of age were kept under pathogen-free conditions with 12/12 h light/dark cycle and fed with a high-fat diet (HFD, containing 21% fat and 0.15% cholesterol) until AS lesions were obviously formed on the arteries. Subsequently, AS animals were orally administrated with 200 and 400 mg/kg of Pae in contained 5% CMC-Na solution daily for a total of 4 weeks. At the same time, 6-week-old male C57BL/6 mice received water during the experiment as the control group.
Chemicals and Reagents
Pae (99%purity) was obtained from Baicao Plants Biotech Co., Ltd. (Anhui, China). Antibodies for FACS included PerCP-Cy5.5-labeled antimouse CD4 antibody (BD, Cat. NO. 550954), APC-labeled antimouse IL-17A antibody (BD, Cat. NO. 506915), BV421-labeled antimouse CD25 antibody (BD, Cat. NO. 564370), and PE-labeled Foxp3 Monoclonal Antibody (ebioscience, Cat. NO. 12-5773-80). Total SCFA ELISA kits were obtained from Multi Science Biotechnology Co., Ltd. (Hangzhou, China).
Hematoxylin and Eosin Staining
The arteries were placed in 4% paraformaldehyde for 24 h and then transferred to 70% ethanol. Next, the arteries were processed to paraffin-embedded blocks to generate 5-µm-thick sections for H&E staining. Subsequently, the sections were stained with hematoxylin and eosin. After dehydration, resinene was used to seal the sections to transparency. The analysis was performed by an inverted microscope.
Masson Staining
Masson staining was used to detect collagen fibers in the plaque of aortic vessels. According to the kit for Masson staining manufacturer instructions, the aortic vessels fixed in 4% paraformaldehyde were dehydrated in alcohol, paraffin-embedded, sectioned, and subjected to Masson staining. The stained sections were observed under a light microscope.
Antibiotic Treatment and Fecal Microbiota Transplantation
Six-week-old male C57BL/6 J mice fed with an HFD were supplemented with either 0.5% CMC-Na (solvent) or Pae at 400 mg/kg in the absence or presence of antibiotics [vancomycin (0.5 g/L), neomycin sulfate (1 g/L), metronidazole (1 g/L), and ampicillin (1 g/L)]. Fecal transplant was performed on the basis of our preliminary research protocol. Briefly, 6-week-old male donor mice were fed with HFD or HFD + Pae (400 mg/kg). The recipient mice were fed with HFD and treated daily with fresh transplant material from either Pae-treated mice or HFD mice. Fresh fecal from Pae-treated mice or HFD mice were collected and diluted immediately with sterile saline (100 mg/ml). The solution was vigorously mixed, centrifuged at 8,000 rpm, for 5 min to get the total bacteria. Finally, the supernatant was obtained and used as transplant material.
Quantification of Caecum SCFAs by LC-MS/MS
The level of SCFAs was measured with LC-MS/MS analysis. Caecum contents were diluted with nanopure water and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered through a 0.45-μm microfiltration membrane. Then, the filtered supernatant was mixed with an 185-μl mixed extract (80% acetonitrile and 20% methanol) and centrifuged at 18,000 rpm for 20 min. Subsequently, the supernatant was derivatized and then added to the internal standard for LC-MS/MS analysis.
Flow Cytometry Analysis
At the end of the experiment, spleen tissues of ApoE-/- mice were collected and then single-spleen cell suspension was immediately prepared for flow cytometry analysis. Single-spleen cells were first stimulated with 1.5 μl of a stimulation inhibitor and cultured for 7 h in 5% CO2 at 37°C. Subsequently, cells were stained with live/dead dye and surface markers for 30 min at 4°Cin the dark, and then the cells were fixed and permeabilized with fixation/permeabilization working solution and permeabilization buffer for 20 min at RT in the dark. Finally, cells were stained with the anti-IL-10 or anti-IL-17A antibody. Flow cytometric analysis was used to detect the Th17 and Treg cells with CD4-PerCP-Cy5.5, IL-17A-APC antibodies and CD25-BV421, FOXP3-PE antibodies, respectively.
RNA Isolation and Real-Time Reverse Transcription Quantitative Polymerase Chain Reaction
Total RNA was isolated from mice aortic vessels using Trizol, and first-strand cDNA was synthesized from 1 µg of total RNA according to the manufacturer’s instructions. RT-qPCR was used to detect the expression of β-actin, IL-1β, IL-6, TNF-α, IL-10, and IL-17. Relative expression was evaluated by the comparative CT method and normalized to the expression of U6 small RNA. Changes in the gene expression were determined using the 2-∆∆Ct method.
Western Blotting
Total proteins from aortic tissues were extracted using a RIPA lysis buffer (Beyotime, Haimen, China) and quantified by a BCA Protein Assay kit. Protein samples were electrophoresed using 10% polyacrylamide gels and transferred to 0.45-µm PVDF membranes (Merck Millipore, United States). After the membranes were blocked with 5 % BSA for 1 h at 37°C, the blots were probed with α-SMA antibody (Abcam, United States; 1:2,000), LOX antibody (ZENBIO, China; 1:1,000), MMP-2 antibody (ZENBIO, China; 1:1,000), MMP-9 antibody (ZENBIO, China; 1:1,000), collagen-I antibody (ZENBIO, China; 1:1,000), collagen-Ⅲ antibody (ZENBIO, China; 1:1,000), and GAPDH antibody (Sigma, United States; 1:1,000) throughout as loading controls. After primary antibody incubation, membranes were washed and incubated with HRP-conjugated secondary antibody. The protein signals were visualized by the enhanced chemoluminescence kit (Thermo, United States).
Statistical Analysis
The data were presented as mean ± SD and analyzed using the SPSS 23.0 software. Differences between groups were analyzed by the Student’s t-test and one-way ANOVA. A value of p < 0.05 or p < 0.01 was considered to be statistically significant.
RESULTS
Pae Restricted Plaque Formation and Vascular Fibrosis in ApoE-/- Mice
To investigate the potential antifibrosis effect of Pae, we detected plaque formation and collagen deposition in the aorta of AS mice (Figure 1A). Pae was orally administered with 400, and 200 mg/kg body weight in a 5% CMC-Na solution daily for a total of 4 weeks. In the Pae-treated group, plaque size was moderately lower compared to the model group and according to the H&E staining (Figure 1B). Masson staining showed that Pae significantly reduced the collagen deposition in the aortic vessels (Figure 1C), and the protein expression level of α-SMA was significantly downregulated (Figure 1D), indicating that Pae treatment reduced vascular fibrosis and restricted AS lesion development in ApoE-/- mice.
[image: Figure 1]FIGURE 1 | Pae restricted plaque formation and collagen deposition of aorta in ApoE-/- mice. (A) Scheme of the experiment. ApoE-/- mice were administered with Pae for 4 weeks starting at 12 weeks of HFD feeding. (B, C) H&E and Masson staining of aorta (scale bars, 100 μm). (D) α-SMA protein expression in the aorta by Western blot. Data are presented as mean ± SEM, n = 3. *p < 0.05, **p < 0.01.
Pae Alleviated Plaque Formation and Vascular Fibrosis in a Gut Microbiota-Dependent Manner
Although the precise etiology and pathogenesis of AS remain unclear, abundant evidence has indicated that dysregulated responses to gut microbiota alteration contribute to the occurrence of AS, making the gut microbiota a new target for AS treatment. To investigate whether gut microbiota participated in the antifibrosis effect of Pae, ApoE-/- mice were gavaged using the antibiotic cocktails for gut microbiota depletion (ABX group) while giving Pae to intervene together (ABX+Pae group). Our results demonstrated that there were no significant differences between plaque formation, collagen deposition, and α-SMA protein expression in the ABX group compared with the ABX+Pae group (Figure 2A).
[image: Figure 2]FIGURE 2 | Microbiota drive the antifibrosis effect in Pae-treated ApoE-/- mice. (A) The antifibrosis effect of Pae against HFD-induced AS disappeared after gut-microbiota depletion. (B) Pae microbial transplantation mitigated HFD-induced vascular fibrosis. Data are presented as mean ± SEM, n = 3. *p < 0.05, **p < 0.01.
To further confirm whether the antifibrosis effect in Pae-treated mice depends on gut microbiota, we performed FMT experiments in which gut microbiota-depleted ApoE-/- mice were reconstituted with the microbiota of HFD-treated mice [FM(HFD)→ApoE-/−recipients, FM(HFD)] and Pae-treated mice [FM(Pae+HFD)→ApoE-/−recipients, FM(Pae)] via intragastric administration once a day for 4 weeks. For better microbiota colonization, all experimental mice were gavaged with the antibiotic cocktails to create gut microbiota depletion conditions before FMT. We found that microbiota transfer from Pae-treated donors significantly reduced the formation of plaque, collagen deposition, and α-SMA protein expression in aortas (Figure 2B), suggesting that a particular constellation of microbial compounds, available in Pae-treated mice, may be capable to influence the vascular fibrosis and AS development.
Pae Treatment Increased Gut Microbiota-Derived SCFAs
Mounting evidence supports the proposal of a role for the microbiota in the progression of AS. Moreover, Pae ameliorated acute ALD-related inflammatory injury to the liver by regulating gut microbiota (Wu et al., 2020). To confirm which bacterium was altered by Pae treatment and, in turn, affected the disease progression against AS, our team studied the effect of Pae on the abundance and diversity of the gut microbiota in mice (unpublished data). Our previous research data showed that the relative abundance of SCFA-producing microbiota (Clostridia, Clostridium Ⅳ, Lachnospiraceae, and Lactobacillus) displayed a relatively low abundance in the HFD group, while the relative abundance was significantly enriched after Pae intervention. Together, these results demonstrated that Pae treatment effectively increased the numbers of SCFA-producing bacteria.
SCFAs are bacterial metabolites from dietary components, and SCFAs produced by commensal bacteria stimulate the generation of Treg cells. To investigate whether the changes in bacterial communities had an impact on the microbial metabolic output, we further detected the levels of several important SCFAs in the feces and total SCFA levels in the serum (Figure 3). Consistent with the changes in microbiota abundance, the Pae and HFD groups had totally different SCFA profiles. The Pae group manifested higher amounts of acetic acid, propionic acid, butyric acid, and isobutyric acid in the feces. Although there were no significant differences in terms of valeric acid levels, total SCFAs in the Pae group were significantly higher than those in the HFD group in the serum.
[image: Figure 3]FIGURE 3 | Pae treatment increased the production of microbial metabolites SCFAs. (A–E) SCFA concentration from cecal content. (F) Total SCFA concentration from serum. Data are presented as mean ± SEM, n = 6. *p < 0.05, **p < 0.01.
Pae Improved Treg/Th17 Balance in AS Mice
Previous reports have shown that the imbalance of Th17 and Treg cells was critically involved in the development of AS, and that coordinated regulation of Th17 and Treg cells would improve the vascular inflammation microenvironment and confer therapeutic benefits for vascular fibrosis. Several reports pointed out that SCFAs regulated the balance of Th17/Treg cells. As mentioned above, Pae significantly increased the content of SCFAs in AS mice. To investigate whether Pae treatment exerted an influence on systemic immune responses, we investigated the impact of Pae administration on Treg/Th17 balance in AS mice. Specifically, T cell responses in the spleen tissue were phenotyped by flow cytometry. The relative abundance of Treg and Th17 cell type was reported as a percent of the overall CD4+ T cells. As shown in Figure 4, the ratio of CD4+IL17A+(Th17) cells in spleen lymphocytes was increased, and the proportion of CD4+CD25+Foxp3+(Treg) cells in spleen lymphocytes was decreased in the HFD group compared with the control group. Pae treatment decreased the number of CD4+IL17A+(Th17) cells and increased the number of CD4+CD25 + Foxp3+(Treg) cells in spleen lymphocytes. In summary, Pae administration selectively upregulated the frequency of Treg cells as well as downregulated the ratio of Th17 cells, improving the Treg/Th17 balance to maintain host immune homeostasis.
[image: Figure 4]FIGURE 4 | Pae improved Treg/Thl7 balance in HFD-induced AS model mice. (A,C) Flow cytometric analysis showed that Pae treatment increased the numbers of Treg (CD4+CD25+Foxp3+) cells and (B,D) decreased the numbers of Th17 (CD4+IL17A+) cells in spleen compared with the HFD group. Data are presented as mean ± SEM, n = 6. *p < 0.05, **p < 0.01.
Pae Regulated Treg/Th17 Balance in a Gut Microbiota-Dependent Manner
To further investigate whether the improved Treg/Th17 balance after Pae administration was gut microbiota-dependent, spleen lymphocytes isolated from gut microbiota depletion groups were phenotyped by flow cytometry. The percentage of Treg cells (CD25+Foxp3+cells) and Th17 cells (CD4+IL17A+cells) displayed no significant difference between the ABX and ABX+Pae groups (Figure 5A).
[image: Figure 5]FIGURE 5 | The frequency of Treg cells and Th17 cells in ApoE-/- mice after gut microbiota depletion and FMT. (A) Representative plot and graph analysis of Treg (CD4+CD25+Foxp3+) cells and Th17 (CD4+IL17A+) cells in the spleen from ABX and ABX+Pae groups. (B) Representative plot and graph analysis of Treg (CD4+CD25+Foxp3+) cells and Th17 (CD4+IL17A+) cells in the spleen from FM(HFD) and FM(Pae) groups. Data are presented as mean ± SEM, n = 6. *p < 0.05, **p < 0.01.
To further confirm that Pae could improve the Treg/Th17 balance in AS mice by regulating gut microbiota, gut microbiota from HFD and Pae-treated mice were transferred into AS mice, respectively. Then, the numbers of Treg cells and Th17 cells in spleen lymphocytes were phenotyped in the FMT groups. As shown in Figure 5B, the number of CD4+IL17A+(Th17) cells in spleen lymphocytes was decreased in the FM(Pae) group as compared to the FM(HFD) group, whereas the proportion of CD25+Foxp3+(Treg) cells of spleen was increased in the FM(Pae) group as compared to the FM(HFD) group. These results indicated that the altered gut microbiota following Pae administration were responsible for the improved Treg/Th17 balance.
Pae Administration Downregulated Proinflammatory Cytokines and Upregulated Anti-Inflammatory Cytokines in AS Mice
Immune inflammation plays an important role in the occurrence and development of AS. IL-10 is the key cytokine in Treg-mediated inflammatory suppression, while IL-17A is the Th17-mediated proinflammatory cytokine. Given the markedly altered Treg/Th17 balance after Pae administration, we further examined the expression levels of inflammatory cytokines in aortic tissues. Compared with the HFD group, the proinflammatory cytokines, including IL-1β, IL-6, TNF-α, and IL-17A, manifested a significantly decreasing trend in the Pae group. Instead, the anti-inflammatory cytokines IL-10 were significantly increased in the Pae group (Figure 6A).
[image: Figure 6]FIGURE 6 | Pae treatment altered the level of mRNA expression inflammatory cytokine in ApoE-/- mice. (A) Relative gene expressions of IL-1β, IL-6, TNF-α, IL-17, and IL-10 in aortas were measured by qRT-PCR in control, HFD, and Pae groups. (B) Relative gene expressions of IL-1β, IL-6, TNF-α, IL-17, and IL-10 in in aortas were measured by qRT-PCR between ABX and ABX+Pae groups. (C) Relative gene expressions of IL-1β, IL-6, TNF-α, IL-17, and IL-10 in aortas were measured by qRT-PCR between FM(HFD) and FM(Pae) groups. Data are presented as mean ± SEM, n = 6. *p < 0.05, **p < 0.01.
The mRNA expression level of inflammatory cytokines in aortic tissues also conducted in gut microbiota-depletion groups. The levels of proinflammatory cytokines (including IL-1β, IL-6, TNF-α, and IL-17A) and the anti-inflammatory cytokine IL-10 exhibited similar levels, and there was no significant difference between the ABX and ABX+Pae groups (Figure 6B). In addition, the aortic tissue from the FM(Pae) group showed less mRNA expression levels of IL-1β, TNF-α, IL-6, and IL-17A but higher IL-10 compared with the aortic tissue from the FM(HFD) group (Figure 6C). In general, Pae significantly downregulated the level of proinflammatory cytokines as well as upregulated the immunosuppressive cytokines in AS mice.
LOX Upregulation Links Microbial Changes to Progression of Vascular Fibrosis
To further determine how Treg/Th17 balance affected vascular fibrosis, we analyzed the protein expression of LOX and fibrosis-related indicators and found LOX and fibrosis-related indicators (MMP-2/9 and collagen I/III) as highly upregulated expression in aortas of AS mice (Figure 7A). LOX has been implicated in various fibrotic conditions and plays a role in AS. IL-17, a marker of Th17 cells, promotes LOX expression by activating the ERK1/2-AP-1 pathway. However, the production of proinflammatory cytokines is not always profibrotic. Specifically, IL-10 secreted by Treg cells can resist LOX-mediated fibrosis. As shown in Figure 7A, with the treatment of Pae and compared to the HFD group, it could be found that the expressions of LOX, MMP-2/9, and collagen I/III were downregulated significantly. In addition, the aortic tissue from the FM(Pae) group showed downregulated protein expression levels of LOX, MMP-2/9, and collagen I/III compared with the aortic tissue from the FM(HFD) group (Figure 7B). Collectively, these results indicated that the balance of Treg/Th17 regulated by Pae downregulated the expression of LOX and inhibited vascular fibrosis.
[image: Figure 7]FIGURE 7 | Pae inhibited LOX expression and vascular fibrosis of in a gut microbiota- dependent manner in ApoE-/- mice. (A) The expressions of LOX and fibrosis-related indicators (MMP-2/9 and collagen I/III) were examined by western blot in control, HFD, and Pae groups. (B) The expressions of LOX and fibrosis-related indicators (MMP-2/9 and collagen I/III) were examined by western blot in FM(HFD) and FM(Pae) groups. Data are presented as mean ± SEM, n = 3. *p < 0.05, **p < 0.01.
DISCUSSION
AS is a chronic inflammatory disease characterized by the accumulation of lipids, vascular fibrosis, and inflammation. Our previous studies have demonstrated that Pae has a certain anti-AS effect in vivo and in vitro (Li et al., 2009; Pan and Dai, 2009). In addition, Pae delays the progression of renal fibrosis and pulmonary fibrosis (Liu et al., 2017; Zhang et al., 2018). Therefore, we first studied whether Pae has anti-AS and antivascular fibrosis effects in vivo. As expected, significant reduction of the formation of the aortic plaque was achieved with Pae treatment. Furthermore, Pae decreased the protein expression of α-SMA, a marker of vascular fibrosis, and ameliorated vascular collagen deposition in AS mice.
Mounting evidence from animal and human studies supports the fact that gut microbiota can influence the occurrence and development of AS (Zhu et al., 2020). Therefore, it was necessary to study whether gut microbiota participate in the antivascular fibrosis effect of Pae on AS. It was worth noting that the vascular fibrosis and collagen deposition between ABX and ABX+Pae groups displayed no significant difference. Microbiota transfer from Pae-treated donors reduced the formation of aortic plaque, and collagen deposition was reduced in the recipients, suggesting that a particular constellation of microbial compounds, available in Pae-treated mice, was capable of affecting the process of vascular fibrosis.
Recently, gut microbiota has been thought to be the main factor that provokes the immune system (Pickard et al., 2017), and the disturbance of the microbiota–host relationship is closely linked to AS (Kurilshikov et al., 2019). AS patients showed reduced gut microbiota biodiversity, including a lower abundance of SCFA-producing beneficial commensal bacteria (Verhaar et al., 2020). In agreement, we found that Pae treatment markedly transformed the biological community structures. Gut microbiota-derived SCFAs play an important role in Tregs induction in inflammatory disease (Xu et al., 2017). We found a significant increment of the SCFA level in cecal contents and serum of AS mice, which correlated with a high amount of gut bacteria including Bacteroidia, Clostridia, Clostridium Ⅳ, Lachnospiraceae, and Lactobacillus known to contribute to SCFA production (Chen et al., 2020; Zhang et al., 2021). The data obtained from the analysis of gut microbiota in mice might be highly relevant to humans, who are much more diverse in microbes, but with similar metabolic characteristics.
Gut microbiota-derived SCFA has recently been implicated in promoting the development of Treg cells and possibly other T cells (Liu et al., 2020), and protects against HFD-induced AS mice (Li et al., 2018). The Treg/Th17 is a pair of new balance that differs from Th1/Th2 balance in the immune system, which is a critical intervention target during the development process of AS. Previous studies have shown that Pae can reduce host inflammation by regulating helper T cell subsets (Meng et al., 2019). Our data revealed that the regulation effect of Pae on the balance of Treg/Th17 may be related to gut microbiota, as the ratio of Treg/Th17 balance displayed no significant difference between the ABX and ABX+Pae groups. Furthermore, microbiota transfer from Pae-treated donors corrected Treg/Th17 balance in the recipients, supporting the hypothesis that Pae has an important microbiome-regulatory role in AS.
Chronic inflammation is the key factor in AS pathogenesis, while inhibiting inflammatory response controls AS evolution. Treg cells have been identified as dedicated suppressors of inflammation through the secretion of the anti-inflammatory cytokine IL-10 and the inhibition of Th17 cells (He et al., 2020). Therefore, correcting the balance of Treg/Th17 is essential to maintaining the level of inflammatory factors. Our data revealed a reduced level of proinflammatory cytokines (IL-1β, IL-6, TNF-α, and IL-17) as well as upregulation of the anti-inflammatory cytokine IL-10 in AS mice after Pae treatment. Moreover, bacteria removal and FMT experiments have also confirmed a linear connection between Pae, gut microbiota, and Treg/Th17 balance.
As mentioned above, Pae had an effect on restoring the balance of Th17/Treg and relative inflammatory cytokines in a gut microbiota-dependent manner. Here, we need to bring up another important issue. Recently, Treg and Th17 cells are important in promoting fibrosis (Lu et al., 2020). Identifying the mechanism underlying the effects of Pae on Treg/Th17 balance mediated vascular fibrosis would aid the antifibrotic therapy development. Emerging evidence suggests that the reciprocal modulation of Th17 and Treg on myocardial fibrosis was mediated by reciprocal regulation of LOX expression (Lu et al., 2020). However, it is unclear whether LOX is involved in vascular fibrosis. Our findings elucidated that the expression of LOX and fibrosis-related indicators (MMP-2/9 and collagen I/III) was downregulated after Pae treatment. Important mechanism of Pae in the control of vascular fibrosis downstream of microbial alterations was illuminated by antibiotic and FMT experiment.
In conclusion, our data suggest a model in which treatment of Pae results in alterations in the SCFA-produced microbiota, which, coupled with increased SCFAs and corrected Treg/Th17 balance, leads to upregulated LOX expression, alleviating vascular fibrosis and AS, particularly in a microbiota-dependent manner (Figure 8). These findings provide compelling evidence that Pae may be used as a prebiotic agent to treat AS, which is expected to improve the understanding of the pathogenesis of vascular fibrosis.
[image: Figure 8]FIGURE 8 | Schematic illustration of Pae attenuated vascular fibrosis through regulating Treg/Th17 balance in a gut microbiota-dependent manner. The gut microbiota of AS mice was disordered, causing the balance of Treg/Th17 cells to tilt toward Th17 cells, inducing the increase in LOX expression in the aorta, thereby promoting vascular fibrosis. Pae can increase the abundance of short-chain fatty acid-producing bacteria to directly upregulate SCFA levels in AS mice, leading to the decrease in LOX expression by restoring the Treg/Th17 balance, thereby inhibiting vascular fibrosis, which was an important mechanism of Pae in improving vascular fibrosis.
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Idiopathic pulmonary fibrosis is a progressive fatal disease characterized by interstitial remodeling, with high lethality and a lack of effective medical therapies. Tetrandrine has been proposed to present anti-fibrotic effects, but the efficacy and mechanisms have not been systematically evaluated. We sought to study the potential therapeutic effects and mechanisms of tetrandrine against lung fibrosis. The anti-fibrotic effects of tetrandrine were evaluated in bleomycin-induced mouse models and TGF-β1-stimulated murine lung fibroblasts. We performed Chromatin Immunoprecipitation (ChIP), Immunoprecipitation (IP), and mRFP-GFP-MAP1LC3B adenovirus construct to investigate the novel mechanisms of tetrandrine-induced autophagy. Tetrandrine decreased TGF-β1-induced expression of α-smooth muscle actin, fibronectin, vimentin, and type 1 collagen and proliferation in fibroblasts. Tetrandrine restored TGF-β1-induced impaired autophagy flux, accompanied by enhanced interaction of SQSTM1 and MAP1LC3-Ⅱ. ChIP studies revealed that tetrandrine induced autophagy via increasing binding of NRF2 and SQSTM1 promoter. Furthermore, tetrandrine inhibited TGF-β1-induced phosphorylation of mTOR by reducing activation of Rheb. In vivo tetrandrine suppressed the bleomycin-induced expression of fibrotic markers and improved pulmonary function. Our data suggest that protective effect of tetrandrine against lung fibrosis might be through promoting Rheb-mTOR and NRF2-SQSTM1 mediated autophagy. Tetrandrine may thus be potentially employed as a novel therapeutic medicine against IPF.
Keywords: lung fibrosis, tetrandrine, autophagy, mTOR, COL-I
INTRODUCTION
Idiopathic pulmonary fibrosis is a prototype of chronic, progressive, and fibrotic lung disease, characterized by repetitive injury of the lung epithelium, activation and proliferation of (myo) fibroblasts, and accumulation of extracellular matrix (King et al., 2011; Hutchinson et al., 2015). Despite this high unmet clinical need, only two anti-fibrotics drugs, Pirfenidone and nintedanib, have been approved to be effective in slowing down the decline of lung function in IPF patients. However, neither agent stops the progression of IPF (King et al., 2014; Richeldi et al., 2014). Thus, there is a tremendous interest in investigating the pathological mechanisms underlying IPF in order to identify novel therapies.
Tetrandrine (TET) is a low-toxicity drug extracted from the plant Stephania tetrandra S. Moore (Fenfangji) of the menispermaceae (Bhagya and Chandrashekar 2016). Previous studies have reported that TET could exert anti-fibrotic effects on multiple organs, primarily by interfering with autophagy (Wang et al., 2015). In addition, TET had also been identified as an effective inducer of autophagy (Liu et al., 2017). However, the mechanism underlying the protective effects of TET on lung fibrosis remains unclear.
Autophagy is the process in which cells degrade internal constituents for the maintenance of cellular homeostasis (Barth et al., 2010) and is known to participate in removing ubiquitinated proteins (Ciani et al., 2003). SQSTM1/p62 is a signaling hub and a critical selective autophagy receptor (Lippai and Low 2014). Intriguingly, autophagy deficit, a common feature of many diseases, plays an important role in various fibrotic diseases, including liver, kidney, and pulmonary fibrosis (Patel et al., 2012; Araya et al., 2013). Transforming growth factor β1 (TGF-β1) is one of the major profibrotic cytokines in fibrosis diseases that could inhibit autophagy during myofibroblast differentiation in lung fibroblasts (Sosulski et al., 2015). Furthermore, autophagy may contribute to the degradation of COL1/collagen I to alleviate fibrosis (Moscat and Diaz-Meco 2009; Sosulski et al., 2015).
The purpose of the current study was to analyze the anti-fibrotic effect of TET on TGF-β1-induced fibroblast transdifferentiation and bleomycin-induced murine lung fibrosis. We demonstrate that TET therapy decreases fibrotic markers in vitro and in vivo. These protective effects of TET on pulmonary fibrosis are associated with activation of autophagy through promoting NRF2-SQSTM1 axis and Rheb-mTOR signaling. Taken together, our findings provide important proof-of-concept evidence that activation autophagy induced by TET could be used as a novel pharmacological approach for treatment of human IPF.
MATERIALS AND METHODS
Culture of Lung Fibroblasts
Primary mouse lung fibroblasts (pMLFs) were isolated from the lungs obtained from C57BL/6J mice and maintained in DMEM supplemented with 10% FBS and penicillin–streptomycin. pMLFs were isolated using a method described previously (Bueno et al., 2015). Briefly, mouse lungs were minced into 1–2 mm3 pieces and incubated in calcium- and magnesium-free Hanks’ balanced salt solution (HBSS) containing 1,000 U/ml collagenase A for 30 min, and after washing with HBSS, then add 0.25% trypsin-EDTA for 20 min at 37°C with shaking. The dissociated cells were centrifuged and cultured in DMEM supplemented with 10% FBS for 1 h, and then adherent fibroblasts were rinsed with HBSS and cultured in DMEM supplemented with 10% FBS and penicillin–streptomycin. More than 95% of the cells were morphologically fibroblasts and stained with vimentin, and no cells were stained with CD45. The fibroblasts were used between culture passages 3 and 6.
Human lung fibroblast line IMR90 was purchased from American Type Culture Collection (Manassas, VA). IMR90 were maintained in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 g/ml streptomycin in 5% CO2 and 95% humidity at 37°C.
Cell Viability Assay
Cell viability was measured by a cell counting Kit-8 (CCK8) assay (Dojindo, Japan). Cells were seeded in 200 μl of growth medium at a density of 8 × 103 cells per well in 96-well plates. Cells were treated with or without TET for 24 h. Following the manufacturer’s recommendations, 10 μl CCK-8 solution was added per well for 2 h before the end of incubation at 37°C. Cell viability was measured at an absorbance of 450 nm.
Transfection of siRNA and Plasmids
Different siRNA oligos were obtained from Gene Pharma (Shanghai, China), and the sequences were listed in Supplementary Table S1. Plasmids for Rheb overexpression were purchased from Hanbio (Shanghai, China) and the sequence is shown in Supplementary Table S1. Cells were transfected with the appropriate siRNA oligos or plasmid with Lipofectamine 3,000 (Invitrogen, CA, United States), according to the manufacturer’s protocol. After 48 h, cells were further stimulated with different reagents. The successfully transfected clones were confirmed by western blotting.
Tandem Fluorescent- mRFP-GFP-MAP1LC3B-Adenovirus Transduction of pMLFs
pMLFs were transfected with a tandem fluorescent-mRFP-GFP-MAP1LC3B-adenovirus (HanBio, HB-AP2100001) that expresses a specific marker of autophagosome formation to detect autophagy, according to the manufacturer’s instructions (Hariharan et al., 2011). With this tandem construct, autophagosomes and autolysosomes are labelled with yellow (mRFP and GFP) and red (mRFP only) signals, respectively. Five fields were chosen from 3 different cell preparations. GFP- and mRFP-expressing spots, which were indicated by fluorescent puncta and DAPI-stained nuclei, were counted manually. The number of spots per cell was determined by dividing the total number of spots by the number of nuclei in each field.
Immunofluorescence Assay
The immunofluorescence assay was performed as described previously (Ohashi et al., 2015). Cells were seeded on a confocal dish for 24 h. After treatment, cells were fixed with 4% paraformaldehyde for 15 min in phosphate-buffered saline (PBS), followed by permeabilization for 10 min with Triton X-100–containing buffer. Antibodies was used for immunofluorescence assays. Then, cells were incubated for 12 h at 4°C with corresponding antibodies. Next, cells were washed with PBS and incubated with Alexa Fluor 594 anti-Rat (1:200) and Alexa Fluor 488 anti-mouse (1:200) (Life Technologies, CA, United States) at room temperature for 2 h afterwards. The nuclei of the cells were stained with DAPI (Invitrogen). Images were taken on an Olympus FV1000 Confocal Laser Scanning Microscope (Tokyo, Japan). The following antibodies were used: MAP1LC3B (CST, 2775s, 83506S), SQSTM1 (proteintech, 18420-1-AP, 66184-1-AP), Anti-alpha smooth muscle Actin (Abcam, ab7817), Cleaved caspase-3 (CST, 9664s), ubiquitin (Proteintech, 10201-2-AP), Phospho-4E-BP1 (Thr37/46) (236B4) (CST, 2855T), LAMP2 (Abcam, Ab13524), Collagen1 (Affinitiy, AF7001).
Network Pharmacology and Bioinformatics Analysis
Pulmonary fibrosis-related genes were obtained from Comparative Toxicogenomics database (CTD, http://ctdbase.org/) and DisGeNET (a database of gene-disease associations, https://www.disgenet.org/) using the term “pulmonary fibrosis,” followed by filtering with the term “Homo sapiens.” Potential targets of TET were obtained from the Swiss target prediction (http://www.swisstargetprediction.ch/) and pubchem (https://pubchem.ncbi.nlm.nih.gov/). A total of 74 potential human targets were obtained and the official gene names were obtained from Uniprot (http://www.uniprot.org/) by confining the species to “Homo sapiens.” Subsequently, various ID forms of the targets were transformed into UniProt IDs. The Search Tool for the Retrieval of Interacting Genes (STRING) database (https://string-db.org/) supplies each predicted PPI information as well as the data which have actually been experimentally confirmed. Then, we seek out the intersection through Cytoscape-Bisogenet (3.7.2) and screen out the top 10 key genes. The functional pathways of TET related to pulmonary fibrosis were analyzed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and gene ontology (GO) enrichment evaluation based upon the database for annotation, Visualization and Integrated Discovery (DAVID) version 6.8 (https://david.ncifcrf.gov/). p-value was calculated in these two enrichment analyses, and p < 0.05 suggests the enrichment degree was statistically significant and the pathway results would certainly be necessary functional mechanisms of pulmonary fibrosis.
Western blotting and Co-Immunoprecipitation
Total cell lysates were obtained using the Total Protein Extraction Kit (KeyGen Biotech, China) according to the manufacturer’s instructions. Proteins were subjected to SDS-PAGE, transferred to PVDF membranes, and probed with various primary antibodies and LICOR: fluorescence-labeled secondary antibodies (#926-68071, 926-32,210). Blots were visualized using a LICOR Odyssey fluorescent imaging system (LICOR Biotechnology) finally. For co-immunoprecipitation, protein extracts from MLFs were incubated with indicated primary antibody overnight at 4°C. The immune-complexes were cleared with Protein A/G Magnetic Beads (Thermo Scientific). Input lysates were run simultaneously with the IP samples on 10% polyacrylamide gels and visualized with LICOR Odyssey Scanner. Antibodies used were: anti-β-actin (Proteintech, 66009-1-Ig), anti-phospho-mTOR (Ser2448; Cell Signaling Technology, 5536S), anti-Phospho-P70 (Thr389; Cell Signaling Technology, 9236S), anti-Phospho-4E-BP1 (Thr37/46; Cell Signaling Technology, 2855T), anti-phospho-smad3 (Ser423/425; Cell Signaling Technology, 9520T), anti-phospho-smad2 (Ser465/Ser467; Cell Signaling Technology, 18338T), anti-MAP1LC3-I/II (Cell Signaling Technology, 2775S), anti-cleaved caspase3 (Cell Signaling Technology, 9664S), anti-α-SMA (Abcam, ab32575), anti-fibronectin (Abcam, ab2413), Anti-Rheb (Santa Cruz, sc-271509), anti-SQSTM1 (Proteintech, 18420-1-AP), anti-4E-BP1 (Proteintech, 60246-Ig), anti-p70(S6K) (Proteintech, 14485AP), anti-mTOR (Proteintech, 20657-1-AP), anti-ATG7 (Proteintech, 10088-2-AP), anti-vimentin (Proteintech, 10366-1-AP), anti-IgG (Proteintech, B900610), anti-smad3 (Proteintech, 25494-1-AP), anti-smad 2 (Proteintech, 12570-1-AP), anti-Col-I (Affinity, AF7001) Ubiquitin (Proteintech, 10201-2-AP).
Chromatin Immunoprecipitation Assay
The immunoprecipitation (ChIP) assay in MLFs was performed using the SimpleChIP Enzymatic Chromatin IP Kit (CST, 9003) according to the manufacturer’s protocol. Approximately 4  ×  106 cells were used for each immunoprecipitation. Chromatin was immunoprecipitated with the immunoglobulin G (CST, #2729; as a negative control) or NRF2 (Genetex, #GTX103322). In all, 10% total DNA was used for input evaluation. DNA enrichment in the ChIP samples was determined by reverse transcription and semi-quantitative PCR (RT-PCR) with PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, China) and a LightCycler 96 Instrument (Roche) following the manufacturer’s protocol. PCR products of immunoprecipitated and input samples were analyzed on a 2% agarose gel. Specific primer sets for the SQSTM1 locus are shown as follow: SQSTM1_P1 forward: ATT​CTG​CCC​TGC​ATG​TCT​T, reverse: GCC​TTC​TAG​GTA​TGG​TCC​TTT​C; SQSTM1_P2 forward: TGG​CCG​AGC​CTT​GAA​TTA​G, reverse: GCA​CCT​GCC​TAG​TAT​GTG​TT.
RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted from cells with the TRIzol reagent (Takara, Dalian, China). The quantity and quality of RNA were determined using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific), and then RNA was reverse transcribed using iScript™ cDNA synthesis kit (Biorad; 1708890) according to the manufacturer’s instructions. The qPCR was performed using TaqMan® universal PCR Master Mix (Fisher Scientific; 4304437) on a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific) in 20 μl reaction. Relative mRNA levels were calculated using the 2−ΔΔCT method normalized against β-actin in each reaction. The following primers were used, Actb, forward: GTG​ACG​TTG​ACA​TCC​GTA​AAG​A, reverse: GCC​GGA​CTC​ATC​GTA​CTC​C; SQSTM1, forward: ATG​TGG​AAC​ATG​GAG​GGA​AGA, reverse: GGA​GTT​CAC​CTG​TAG​ATG​GGT; Rheb, forward: GGT​CTG​TGG​GAA​AGT​CCT​CAT, reverse: GGT​GAA​CGT​GTT​CTC​TAT​GGT​T.
Bleomycin-Induced Lung Fibrosis Model and Treatment With Tetrandrine
All animal experiments were conducted according to Southern Medical University Animal Welfare, and research protocols were approved by the Institutional Animal Care and Use Committee of Southern Medical University. Mice were housed four mice per cage in a specific pathogen-free room with a 12 h light/dark schedule at 25°C ± 1°C and were fed an autoclaved chow diet and water ad libitum. An established mammalian model of idiopathic pulmonary fibrosis (IPF) was utilized as described in previous publications. Six- to eight-week-old C57BL/6 female mice (16–20 g) were anesthetized (2,2,2-tribromoethanol, Sigma-Aldrich) and then injected intratracheally with prepared bleomycin sulfate (5 U kg−1) (Hanhui pharmaceuticals co., LTD.) in sterile PBS (volume was varied between 80 and 100 μl depending on the body weight). Control mice were injected with 100 μl of sterile PBS. Body weights were monitored throughout each study. Each experimental group consisted of at least five animals.
To quantitate fibrosis during longitudinal studies, lungs were harvested at 21 days after bleomycin instillation and assayed as described below. To test the prevention efficacy of TET in our modeling of IPF, TET (20 mg kg−1, Sigma-Aldrich) or vehicle (equal volume of 0.1% sodium carboxymethyl cellulose) were administered by intraperitoneal injection at every other day after bleomycin administration, and the mice were sacrificed at day 21. For delayed therapy studies, induction of IPF was initiated as described above, and TET (20 mg kg−1 or 40 mg kg−1) was intraperitoneally injected every other day beginning on day 8. Lungs were harvested on day 21 and assayed as described below (day 0 was taken as the day of bleomycin administration).
Pulmonary Function Assay
At endpoint, at least five mice from each group were anesthetized with 2,2,2-tribromoethanol in saline, tracheotomized below the larynx, and intubated with a tracheal cannula. After the surgery, the mice were placed inside the plethysmographic chamber and the cannula was connected to the machine. Pulmonary function was measured by pulmonary function test system (BUXCO, United States). The system’s software automatically records and displays the pulmonary function parameters.
Immunoanalysis and Histopathology
Formalin-fixed, paraffin-embedded (FFPE) tissue blocks obtained from mouse models were sectioned at 5 mm. For immunohistochemistry, the FFPE unstained slides were deparaffinized through standard methods. Paraffin embedded sections of mouse lung tissue were pretreated in citrate buffer pH6 for 20 min for antigen retrieval. Sections were then incubated with corresponding antibodies. For murine fibrosis assessment, FFPE lung tissue blocks were sectioned at 5 mm and subjected to haematoxylin and eosin and Masson’s trichrome staining. Sections were reviewed by a blinded pathologist and approximately half of the specimens were scored by a second blinded pathologist to confirm agreement. Specimens were scored according to an eight-tier, modified Ashcroft scale (Hübner et al., 2008).
Hydroxyproline Assay
Lung hydroxyproline content was analyzed using a hydroxyproline assay kit (#A030-2, Nanjing Jianchen Bioengineering Institute, China) according to the manufacturer’s instructions.
MATERIALS
Dimethyl sulfoxide (DMSO) and chloroquine (CQ) were obtained from Sigma-Aldrich (St. Louis, MO, United States). TGF-β1 were purchased from R&D Systems, Inc. (Minneapolis, MN, United States). 3-Methyladenine (3 MA) and MHY1485 were purchased from MedChemExpress (United States).
Data and Statistical Analysis
All data were analyzed blinded and presented as scatter plots showing each single data point representing the number of independent values and means ± SEM using bars and whiskers. Group sizes in the animal experiment were n ≥ 5. The number of included data per group was mentioned in the figure legends. After testing values for normal distribution using Kolmogorov-Smirnov test, data were analyzed by: (1) Two-tailed t tests for comparison of two group means, using nonparametric analysis (Wilcoxon or Mann-Whitney) for n = 5; (2) One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used for multiple comparisons to control for concentration of TET dose effects; (3) Two-way ANOVA followed by Tukey post hoc tests for three or more group means with two factors. Non-parametric data were analyzed by Dunnett’s multiple comparison test. Post hoc tests were run only if F achieved p < 0.05 and there was no significant variance in homogeneity. Differences between group means were considered statistically significant at the level of p < 0.05. Statistical analysis was performed using GraphPad Prism eight for Windows software (version 8.4.2, GraphPad software Inc, San Diego, CA, United States). The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis, Alexander et al., 2018).
RESULTS
Tetrandrine Inhibited TGF-β1-Induced Myofibroblasts Differentiation, ECM Deposition, and Proliferation
Fibroblast differentiation is critical pathogenesis processes in IPF (Baek et al., 2012). Previous studies have reported anti-fibrotic effects of TET (chemical structure shown in Figure 1A) in multiple organs (Yin et al., 2007; Teng et al., 2015). However, whether TET is capable of deactivating differentiated myofibroblasts and resolving fibrosis is not well known. We confirmed that 50% inhibition of cell growth was not achieved until TET concentration at 32 μM in primary mouse lung fibroblasts (pMLFs) or 32 μM in IMR90 cells (Figure 1B, Supplementary Figure S1A). Western blots and Immunofluorescence (IF) revealed that the expressions of fibronectin, type 1 collagen, vimentin, and α-SMA were all increased in pMLFs and IMR90 cells by stimulation with TGF-β1, indicating fibroblast differentiation and excessive matrix protein production. The effects of TGF-β1 were blocked by administration of TET (Figures 1C–F, Supplementary Figures S1B–E). Moreover, Numbers of EdU (+) cells after TGF-β1 exposure were significantly reduced by TET treatment for pMLFs (Figures 1G,H). TGF-β1-induced Smad2/3 activation indicated by Smad2/3 phosphorylation was blocked by TET in pMLFs (Figures 1I–K). Taken together, these results suggest that TET suppresses fibroblast differentiation and proliferation.
[image: Figure 1]FIGURE 1 | Tetrandrine suppresses TGF-β1-induced myofibroblasts differentiation, proliferation, and ECM deposition in primary MLFs. (A) Chemical structure of TET. Its Molecular formation is C38H42N2O6. (B) Primary MLFs were incubated with various indicated concentrations of TET for 24 h and subjected to CCK8 assay to assess cell viability. One-way ANOVA with Dunnett’s multiple comparison test: *p < 0.05 comparison to TET = 0 μM group value: *p < 0.05. (C,D) Primary MLFs were pretreated with DMSO or TET (4 μM) for 1 h and stimulated with or without TGF-β1 (10 ng/ml) for 24 h. Representative immunoblot analysis (C) and quantitative analysis (D) show the expression of ECM deposition (fibronectin, COL-I), myofibroblasts transdifferentiation (vimentin, α-SMA). (E,F) Representative Immunofluorescence monitored by confocal microscopy (E) and quantitative analysis (F) show the expression of α-SMA (red) in Primary MLFs. Blue staining indicates nuclei Scale bars: 100 μM. (G,H) Representative Immunofluorescence (G) and quantitative analysis (H) of EdU -positive cell proportion show the proliferation marker (EdU: 5-ehtynal-2′-deoxyuridine) in myofibroblast. Scale bars: 100 μM. (I-K) Representative immunoblot analysis (I) and quantitative analysis (J,K) show the expression of TGF-β/smad pathway markers (p-smad2, smad2, p-smad3, smad3) in primary MLFs. p values were determined by two-way ANOVA with Tukey’s multiple comparison test (n = 5): *p < 0.05.
Potential Target Genes and Network Analysis of TET Treatment for Pulmonary Fibrosis
To elucidate the potential anti-fibrotic mechanisms of TET, we conducted an integrated systems pharmacology approach as previously described (Klionsky et al., 2007). We compared the respective gene-expression profiles of TET (from LINCS) to that of IPF and identified 74 target genes in IPF lungs visualized using Cytoscape (Figure 2A). Ten hub genes (AKT1, mTOR, Foxo3, Beclin1, MAP1LC3B, ATG5, ATG7, Rptor, ATG12, and ULK1) were identified in protein-protein interaction (PPI) networks (Figure 2B). We performed GO and KEGG pathway enrichment analysis of above gene sets using Cytoscape. The top enriched biological process is cell metabolism and the top cell component is membrane composition (Figure 2D). Interestingly, PI3K/AKT signaling, apoptosis, and autophagy are the top enriched gene ontology terms in KEGG pathway enrichment analysis (Figures 2C–E). Thus, the above data suggest that TET may relieve pulmonary fibrosis by regulating apoptosis and/or autophagy pathway.
[image: Figure 2]FIGURE 2 | Analysis of TET’s targets on pulmonary fibrosis based on network pharmacology. (A) protein—protein interaction (PPI) networks of active ingredients of TET for the treatment of pulmonary fibrosis. Each node represents the relevant genes, the edge means line thickness indicates the strength of data support. (B) Hub top 10 genes in PPI network, the lighter the color, the higher the score; the larger the diameter, the higher the score. (C) Representative networks assembled by predicted TET targets. Diamonds in various colors nodes represent the targets for TET identified through target mapping. Green nodes represent signaling pathways or processes. Targets are connected with pathways or processes with inner circle in the corresponding color. (D) The GO analysis was discovered with the top five enriched conditions in the biological process (BP), cell component (CC), and molecular function (MF) categories. (E) KEGG pathways of target genes.
TET Restored TGF-β1-Induced Impaired Autophagy in MLFs
To test whether TET regulates autophagy pathway in lung fibrosis, we administered TET to TGF-β1-induced MLFs and evaluated the extent of autophagic flux. Conversion of MAP1LC3-I to MAP1LC3-II was decreased in fibroblasts by stimulation with TGF-β1, indicating impaired autophagy. The effects of TGF-β1 were reversed by co-administration of TET in a dose-dependent manner (Figures 3A,B). SQSTM1, a cargo receptor protein, is degraded upon the delivery of ubiquitinated proteins to autophagosomes (Mauvezin and Neufeld 2015). We found that inhibition of the autophagy flux with chloroquine (CQ, which blocks fusion of autophagosomes and lysosomes) “TET regulated SQSTM1 in both autophagy dependent and independent manner” following treatment with TET induced the cytosolic accumulation of the SQSTM1 protein (Figure 3G). This observation indicates that the SQSTM1 protein is regulated by TET partially in an autophagy dependent manner. However, the inhibition of autophagy initiation by 3 MA treatment also induced the accumulation of the SQSTM1 protein (Figure 3E). Based on the above results, we believe that the increase in SQSTM1 by TET is likely to occur at the transcription regulation, rather than just a consequence of autophagic inhibition. Further, we observed that mRNA level of SQSTM1 is significantly upregulated by TET through PCR experiment (Figure 3D), which could positively contribute to the TET-induced autophagic flux. It is indicated that TET regulated SQSTM1 in both autophagy dependent and independent manner. Similarly, Immunofluorescence results indicated that the TET-induced punctate staining of MAP1LC3B was significantly increased after treatment with CQ, and the effect of TET was suppressed by 3-MA in TGF-β1-treated fibroblasts. (Figures 3I,J). Transmission electron microscopy (TEM) further supported the induction of autophagy by TET in TGF-β1-stimulated fibroblasts (Figure 3K). To further demonstrate whether TET restores TGF-β1-induced impaired autophagy, a double tagged MAP1LC3 (mRFP-GFP) plasmid was used to examine autophagic flux. Notably, consistent with rapamycin (RAP, a representative autophagy promotor), TET treatment increased red fluorescence (red, autolysosomes), whereas CQ treatment accumulated yellow fluorescence (yellow, autophagosomes) in TGF-β1-induced MLFs (Figures 3L,M).
[image: Figure 3]FIGURE 3 | TET restores TGF-β1-induced impaired autophagy in primary MLFs. (A-C) Primary MLFs were pretreated with TET for indicated concentrations for 1 h and then subsequently stimulated with or without TGF-β1 (10 ng/ml) for 24 h. Representative immunoblot analysis (A) and quantitative analysis (B–C) showed the expression of autophagy (MAP1LC3-I/II, SQSTM1) markers and β-actin (loading control). Values in bar graph are presented as means ± SEM (n = 5). Two-way ANOVA: *p < 0.05, **p < 0.01, versus the control group; #p < 0.05, ##p < 0.01, versus the TGF-β1 group. (D) Primary MLFs were pretreated with DMSO or TET (4 μM) for 1 h and stimulated with or without TGF-β1 (10 ng/ml) for 24 h. Representative of qPCR analysis showed the mRNA expression of SQSTM1. (E,F) Primary MLFs were exposed to TGF-β1 (10 ng/ml) for 24 h. In some experimental groups, cells were treated with TET (4 μM), 3-methyladenine (3 MA: 500 nM). Immunoblot assays (E) and densitometric analysis (F) showed the expression of autophagic markers. (G,H) Primary MLFs were treated with TGF-β1 (10 ng/ml) in the presence/absence of TET (4 μM) or chloroquine (CQ: 20 μM). The protein sample were collected 24 h after the treatment. The levels of autophagic markers were examined with immunoblotting (G). Relative levels of autophagic markers were determined by densitometry and normalized to β-actin levels (H). (I,J) Primary MLFs were treated with TGF-β1 (0 or 10 ng/ml) for 24 h in the presence/absence of TET (4 μM), 3 MA (500 nM), or CQ (20 μM). Representative images of immunofluorescence monitored by confocal microscopy (I) and quantification (J) showed the expression of autophagic marker (MAP1LC3B). Green staining is MAP1LC3B, blue staining indicates nuclei. Scale bars: 20 μm. (K) The transmission electron microscopy images showed numerous double-membraned cytoplasmic vacuolation (arrows). Scale bars: left panels, 5 μm; right panels, 1 m. (L,M) Primary MLFs were transfected with mRFP-GFP-LC3B plasmids for 48 h and treated with TGF-β1 (10 ng/ml) for 24 h in the presence/absence of TET (4 μM), rapamycin (RAP: 50 nM) or CQ (20 μM). Representative immunofluorescent images showed mRFP (green), GFP (red) and merged mRFP and GFP (yellow) puncta (L). Scale bars: 10 µm. Quantification of red (mRFP + GFP−) and yellow (mRFP + GFP+) puncta per cell (M). Values in bar graph are presented as means ± SEM (n = 5). Two-way ANOVA with Tukey’s multiple comparison test (n = 5): *p < 0.05, **p < 0.01, **p < 0.01, ***p < 0.001.
In order to validate the relevance of TET with apoptosis in lung fibrosis, we examined the expression of cleaved-caspase3. The results show that TET did not affect the expression of cleaved-caspase3 (Supplementary Figures S2A–E). Additionally, TET did not induce apoptosis as shown on flow cytometry and TUNEL assay (Supplementary Figures S2F–H). These findings indicated that TET did activate autophagic flux characterized by SQSTM1 accumulation.
TET Activated SQSTM1-Mediated Selective Autophagy
The prevailing view is that ubiquitin-tagged misfolded proteins are assembled into aggregates by SQSTM1 (selective autophagy receptor), and the aggregates are then engulfed and degraded by autolysosomes (Svenning and Johansen, 2013). Interaction between selective autophagy receptors and MAP1LC3B is the molecular basis for selective autophagy. We next test whether TET induce autophagy in a SQSTM1 dependent manner. Our IP results show that TET treatment enhanced interaction of SQSTM1 and MAP1LC3B in TGF-β1-induced fibroblast (Figures 4A,B). Furthermore, the binding of SQSTM1 to ubiquitylated protein was significantly increased by TET (Figure 4C). Similarly, TET treatment efficiently enhanced the colocalization of SQSTM1 and MAP1LC3B and induced the SQSTM1-recruited cargos to autophagosomes (Figures 4D,E). Together, TET positively regulated selective autophagy via targeting SQSTM1.
[image: Figure 4]FIGURE 4 | TET promotes the interaction of SQSTM1 with MAP1LC3B and with ubiquitinated protein. Primary MLFs were pretreated with TET or DMSO for 1 h and then subsequently stimulated with TGF-β1 for 24 h. (A,B) Co-immunoprecipitation (Co-IP) assays with SQSTM1 and MAP1LC3-I/II. Samples before (Input) and after (IP) immunopurification were analyzed by immunoblotting using SQSTM1 and MAP1LC3-I/II antibodies. (C) Co-IP assays with SQSTM1 and ubiquitinated protein. Samples were analyzed by immunoblotting using SQSTM1 and ubiquitin (UB) antibodies. (D) Confocal microscopy analysis of co-localization of MAP1LC3B and SQSTM1 in primary MLFs. The representative single optical sections and merge images are shown in the right panel. In these representative images, MAP1LC3B is visualized in green, SQSTM1 in red. Scale bars: 10 μm. (E) Confocal microscopy analysis of co-localization of UB and SQSTM1. Scale bars: 10 μm. UB is visualized in green, SQSTM1 in red.
NRF2 Regulated SQSTM1 Transcription Involved in TET-Induced Selective Autophagy
It has been demonstrated that both protein and mRNA expression of SQSTM1 were increased by TET, partially independent of autophagy pathway. We aim to investigate how TET regulates SQSTM1. Previous research suggested that transcription factor NRF2 can bind to promoter of SQSTM1, leading to promoted SQSTM1 transcription. We found that expression of NRF2 was decreased by TGF-β1, but increased by treatment with TET in fibroblasts (Figures 5A,B). To further confirm that SQSTM1 is regulated by NRF2, we performed ChIP for endogenous NRF2 in primary MLFs and analyzed the enrichment of NRF2 at the transcription start site (TSS). Firstly, using NCBI website and JASPAR programs, we analyzed the SQSTM1 promoter sequence to predict transcription factor binding sites (Figures 5C,D). Our data showed that TET increased enrichment of NRF2 at binding sites of SQSTM1 in TGF-β1-stimulated fibroblasts (Figures 5E,F).
[image: Figure 5]FIGURE 5 | TET regulates the transcription of SQSTM1 through NRF2. Primary MLFs were treated with TGF-β1 (0 or 10 ng/ml) for 24 h in the presence/absence of TET (4 μM). (A,B) Immunoblot assays (A) and densitometric analysis (B) showed the expression of NRF2. (C) Identification of SQSTM1 promoter-containing genes in the mouse genome by the FIMO software tool. (D) Schematic representation of the SQSTM1 promotor region. PCR primers used for amplification (P1 and P2) are shown in the underneath schematic representation. (E) ChIP-PCR analysis to showing the association of NRF2 with the SQSTM1 promotor in MLFs. RT-PCR products were resolved by agarose gel electrophoresis. (F) Statistical analysis was obtained. Values in bar graph are presented as means ± SEM (n = 5). Two-way ANOVA followed by Tukey’s multiple comparisons test was used for statistical analysis of (B) and Student’s t-test was used for (F). *p < 0.05.
TET Activated SQSTM1-Mediated Selective Autophagy via Rheb-mTOR Signaling
The mTOR kinase is a key regulator of autophagy induction (Hu et al., 2015). As our results show, TET significantly suppressed TGF-β1-induced mTOR activation and phosphorylation of P70 and 4E-BP1 (Figures 6A–D). Similarly, 4E-BP1 inhibition by TET was confirmed by immunofluorescent staining (Figures 6E,F). To investigate the role of mTOR during TET-induced autophagy, fibroblasts were treated with MHY1485, an activator of mTOR, after TET stimulation. Importantly, TET enhanced conversion of MAP1LC3-I to MAP1LC3-II, and this effect was reduced by MHY1485 (Figures 6G–I). These results suggest that TET-induced autophagy is related to the inhibition of mTOR signaling pathway.
[image: Figure 6]FIGURE 6 | TET activates autophagy by inhibiting Rheb/mTORC1 signaling. (A–D) Effect of TET on mTOR activation. Immunoblot (A) and quantitative analysis (B–D) showed the expression level of mTOR phosphorylation (p-mTOR), mTOR downstream substrates (p-P70, p-4E-BP1). (E,F) Representative images of immunofluorescence monitored by confocal microscopy (J) and quantitative analysis (K) showed the expression of p-4E-BP1. Green staining is p-4E-BP1, blue staining indicates nuclei. Scale bars: 20 μm. (G–I) Effect of mTOR activation on autophagy regulation. Primary MLFs were cotreated with TET (4 μM) and MHY1485 (5 μM) for 24 h. Immunoblot (G) and quantitative analysis (H–I) showed the expression of autophagy markers (MAP1LC3-I/II, SQSTM1), mTOR activation (mTOR, p-mTOR). (J,K) Effect of TET on the expression of Rheb protein. Representative immunoblot analysis (J) and quantitative analysis (K) show the expression of Rheb protein. (L) Representative of qPCR analysis showed the mRNA expression of Rheb. (M) Effect of TET on Rheb activation. Co-immunoprecipitation was performed using agarose beads conjugated to an antibody directed against the GTPγS and GDP. Immunoblot analysis was performed to check for protein expression of activated Rheb (Rheb/GTP), total Rheb. Total Rheb includes the inactive GDP-Bound form (GDP) and activated Rheb (Rheb/GTP). Values in bar graph are presented as means ± SEM (n = 5). Two-way ANOVA with Tukey’s multiple comparison test (n = 5). *p < 0.05.
Previous studies suggest mTOR activation is regulated by Rheb, a Ras-like small guanosine triphosphatase (GTPase) (Goordan et al., 2011; Narita et al., 2011). However, both the total Rheb protein and mRNA expression was not reduced by TET (Figures 6J–L). We next determined the Rheb activity by Co-IP. Our results showed that TET reduces Rheb activity in TGF-β1-stimulated fibroblasts (Figure 6M), suggesting TET negatively regulates Rheb activity but not protein or mRNA expression. Taken together, TET activated autophagy through Rheb-mTOR signaling.
TET Attenuated TGF-β1-Induced Myofibroblasts Differentiation and Proliferation by Inducing Autophagy In Vitro
To further examine whether autophagy induction contributes to TET-mediated protective effects in lung fibrosis, we performed pharmacological and transgenic approaches to inhibit autophagy and detected fibrotic markers. The addition of Rapamycin (autophagy inducer as a positive control) downregulated expression of fibrotic markers in fibroblasts stimulated by TGF-β1 (Figures 7A,B). These results supported that autophagy inducers can attenuate lung fibrosis. We observed that fibronectin, collagen type Ⅰ, vimentin, and α-SMA were all decreased by TET in TGF-β1-induced fibroblasts, and this effect was blocked by 3 MA (Figures 7C–F). Furthermore, silencing of ATG7 caused efficient downregulation of ATG7 protein expression compared with a non-silencing control and markedly inhibited TET-decreased expression of fibrotic markers in fibroblasts (Figure 7G). To test whether Rheb/mTOR signaling controls fibroblasts transdifferentiation, Rheb was overexpressed in fibroblasts. The effects of TET on suppressing fibrotic markers induced by TGF-β 1 was lost when Rheb is overexpressed (Figure 7H). Additionally, TET reduced TGF-β1-stimulated fibrotic expression, which was blocked by MHY1485, a small molecule activator of mTOR (Figure 7I). Taken together, TET attenuates lung fibrosis through inducing autophagy.
[image: Figure 7]FIGURE 7 | TET improves pulmonary fibrosis by activating autophagy through Rheb/mTOR in MLFs. Primary MLFs were treated with TGF-β1 (0 or 10 ng/ml) for 24 h in the presence/absence of TET (4 μM), 3 MA (500 nM), RAP (50 nM), or MHY1485 (a small molecule mTOR activator, 5 μM). (A,B) Representative immunoblot analysis (A) and quantitative analysis (B) showed the expression of fibrosis-associated proteins. (C,D) The effect of autophagy on TGF-β1-induced primary MLFs. Immunoblot (C) and quantitative analysis (D) showed the expression of ECM deposition, myofibroblasts transdifferentiation markers. (E,F) Confocal microscopy images (E) and relative fluorescence intensity of α-SMA (F). α-SMA was visualized in green, DAPI-stained nuclei in blue. Scale bars: 50 μm. (G) MLFs transfected with nonspecific nonsilencing negative siRNA control (si-NC) or ATG7 small interfering RNA (si-ATG7) for 48 h were treated with TET and TGF-β1. Representative immunoblot analysis showed the expression of fibrosis-associated proteins. (H) Cells transfected with the empty vector plasmid (vector) or Rheb overexpression plasmid (Rheb) for 48 h and then incubated with TET and TGF-β1. Immunoblot of fibrosis-associated proteins. (I) TET-attenuated fibrosis was associated with mTOR activation. Immunoblot showed the expression of fibrosis-associated proteins. Values in bar graph are presented as means ± SEM (n = 5). Two-way ANOVA with Tukey’s multiple comparison test (n = 5). *p < 0.05.
Type I Collagen Is Degraded by TET-Induced Autophagy
As shown before, TET presented a significant decrease in the steady-state levels of collagen inducing by TGF-β 1. However, the mechanism is unknown. Since previous data indicated that intracellular Col-I could degrade by lysosome (Sosulski et al., 2015) we hypothesized that Col-I is degraded by autophagy. The addition of TET increased the appearance of lysosomes and the colocalization of Col-I and lysosomes in TGF-β1-stimulated fibroblasts, indicating lysosomal degradation of Col-I (Figure 8A). Similarly, there are more endogenous Col-I colocalized with autophagosomes in cells treated with TET after TGF-β 1 stimulation (Figure 8B), further confirming that Col-I is degraded by autophagy. Interestingly, TET improved interaction of Col-I and SQSTM1 in TGF-β 1-induced fibroblasts (Figure 8C). These results suggest that Col-I is delivered to the lysosome via SQSTM1 for degradation during TET-induced autophagy.
[image: Figure 8]FIGURE 8 | Col-I is degraded by autophagy. Primary MLFs treated with DMSO or TET for 1 h and then subsequently simulated with TGF-β1 for an additional 24 h. (A) Confocal microscopy analysis of colocalization of LAMP2 (lysosomal markers, red) and COL-I (green). The representative single optical sections and merge images are shown. Scale bar: 10 μm. (B) Confocal microscopy analysis of colocalization of MAP1LC3B (red) and COL-I (green). The representative single optical sections and merge images are shown. Scale bar: 10 μM. (C) Co-immunoprecipitation (Co-IP) assays with SQSTM1 and COL-I. Samples before (Input) and after (IP) immunopurification were analyzed by immunoblotting.
TET Attenuated Lung Fibrosis in bleomycin-Induced Mouse Models Through Activating Autophagy
TET is a safe and widely used agent for silicosis and has therapeutic potential to restore cell metabolic homeostasis (Zhang et al., 2018). We explored whether TET can accelerate the resolution of fibrosis in the bleomycin (BLM)-induced lung fibrosis model. We treated mice with BLM at day 0 and started daily TET treatment from day 1–21 after BLM administration to examined the preventative effects of TET on pulmonary fibrosis (Figure 9A). Notably, TET attenuated BLM-induced mice body weight loss and impaired pulmonary function (Figures 9B–F). TET therapy significantly alleviated pulmonary fibrosis including improvement of the disordered lung structure and reduction of collagen deposition (Figures 9G–J). Histology and immunohistochemistry showed diminished amounts of collagen and α -SMA were seen in TET treatment group compared with BLM group (Figure 9K). Consistent with the histological analysis, immunoblotting showed that TET blocked the increase of extracellular matrix (ECM) deposition and α-SMA protein in BLM-challenged mice (Figures 9L–M). Importantly, these effects of TET are accompanied with autophagy activation (Figure 9L).
[image: Figure 9]FIGURE 9 | TET treatment protects against pulmonary fibrosis induced by bleomycin. Mice, were treated prophylactically with either vehicle (sodium carboxymethyl cellulose, i. p, daily) or TET (20 mg kg−1·d−1, i.p.) starting on Day 1 after receiving a single intratracheal administration of BLM. The control group received intratracheal PBS. (A) Schematic diagram of the time course of TET treatment in a mouse model of BLM-induced pulmonary fibrosis. (B) Changes in body weight were presented relative to the initial weight. (C-F) The pulmonary function parameters were measured by pulmonary function test. (G) Lung tissue was sectioned at day 21 and performed HE staining. Scale bar of top images: 100 μm, below images: 40 μm. (H) Lung tissues were stain with Masson trichrome staining. Scale bars: 40 μm. (I) Ashcroft scores were analyzed. (J) Hydroxyproline (HYP) expression of each group by hydroxyproline assay. (K) The protein expression of α-SMA (left images) and fibronectin (right images) in lung sample were examined by immunohistochemical staining. Scale bar of top images: 100 μm. Scale bar of below images: 40 μm. (L-M) Lung tissues were treated as described in (A) and subjected to immunoblots of fibrosis and autophagy-associated proteins(L) and densitometric analysis was obtained (M). The data were presented as the means ± SEM (n ≥ 5). Two-way ANOVA followed by Dunnett’s multiple comparisons test was used for statistical analysis. *p < 0.05.
We also examined the therapeutic effects of TET on pulmonary fibrosis (Supplementary Figure S4A). These results demonstrated significant reduction in several fibrosis-related changes, including total lung hydroxyproline, histologic change, ECM deposition, and weight loss (Supplementary Figure S4B–F). These data indicated that TET activated autophagy to blunt bleomycin-induced lung fibrosis, suggesting a further potential therapeutic effect of TET on pulmonary fibrosis.
DISCUSSION
TET, originally isolated from Chinese herbs but now produced synthetically, has been tested for clinical trials and found to be effective against silicosis and lung cancer (Bhagya and Chandrashekar 2016). However, whether TET has anti-fibrotic activity and its potential mechanisms have not been systematically evaluated. In this study, we provide evidences that TET can resolve pulmonary fibrosis through inhibiting myofibroblast differentiation, proliferation, and ECM deposition. We found that TET can enhance the interaction of SQSTM1 with MAP1LC3-II and ubiquitinated proteins due to NRF2-mediated SQSTM1 transcription and Rheb-mTOR signaling activation, thus dramatically inducing SQSTM1-selective autophagy and directly leading to Col-I degradation in lysosome (Figure 10). This is the first report that showed the potential new mechanisms involved in TET-induced selective autophagy in the context of lung fibrosis.
[image: Figure 10]FIGURE 10 | Underlying mechanism of TET against pulmonary fibrosis through SQSTM1-mediated activation of autophagy. See the text for details.
TET therapy significantly attenuated experimental lung injury and produced similar therapeutic results in animal models of cardiac and liver injury. In a previous study, inhalation of TET could alleviate pulmonary fibrosis in a mouse model (Su et al., 2020). However, its precise role and its therapeutic utility in IPF remains unclear. Our results further explore the therapeutic role of TET on lung fibrosis. TET therapy effectively improved pulmonary function and decreased fibrotic markers in two mouse models. Specially, our data suggest that TET may play a role in reversing established pulmonary fibrosis. This is indicated by our observation that delayed administration of TET at day 8 after BLM-induced pulmonary fibrosis inhibits the procession of pulmonary fibrosis. Similarly, TET inhibits TGF-β1-induced fibroblast differentiation, proliferation, and ECM deposition in vitro. Impressively, TET therapy did not induce apoptosis, in contrast with previous studies (Liu et al., 2011), because the TET dose we used is not high to 30 μM. We suggest a more safe and effective concentration in lung fibrosis.
Network pharmacology studies emphasize the paradigm shift from “one target, one drug” to “network target, multicomponent therapeutics,” highlighting a holistic thinking also shared by traditional Chinese medicine (TCM) (Li et al., 2014). Through network pharmacology analysis we found that the anti-fibrotic effect of TET may be related to autophagy. Previous studies using lung biopsies from IPF patients reported a diminution of autophagy (Patel et al., 2012; Araya et al., 2013) and some from animal model illustrated that TGF-β1 could mediate dysfunction of the autophagy response during lung fibrosis (Sosulski et al., 2015). Herein, we impart an appreciation for TET-mediated regulation of the autophagic response in TGF-β1-induced MLFs. Our findings demonstrated that TET may restrain differentiation of lung fibroblasts and ECM deposition through increasing autophagy flux. Furthermore, TET increased autophagy flux, MAP1LC3-Ⅱ/SQSTM1 dependent ubiquitinated protein recycling, and lysosome degradation of Col-I. This study connects autophagy and protein homeostasis to lung fibrosis. Nevertheless, the redundancy of mechanism of TET that regulate lysosome homeostasis needs to be investigated, as protein metabolism is a complex process that involves multiple interacting signaling pathways (Araya and Nishimura 2010).
SQSTM1 serves as multifunctional regulator of cell signaling involved in selective autophagy (Svenning and Johansen, 2013; Lamark et al., 2017). Both MAP1LC3-Ⅱ and SQSTM1 are required to maintain autophagy flux that promoted recruitment of SQSTM1-associated ubiquitinated proteins towards autophagosome-lysosome degradation. Interestingly, TET treatment significantly increases protein levels of SQSTM1 and MAP1LC3-Ⅱ in TGF-β1-induced MLFs. It is important to confirm that the SQSTM1 mRNA level has not changed if the SQSTM1 protein level is used an indicator of autophagy flux. We provide evidence that TET dramatically increases mRNA expression of SQSTM1 in TGF-β1-induced MLFs. In addition, CQ, a lysosome inhibitor, can further increase protein levels of SQSTM1 at present of TET. This observation indicates that the SQSTM1 regulation is likely to occur at the level of transcription rather than due to the SQSTM1 protein accumulation as a consequence of autophagic inhibition. The increase in SQSTM1 expression by TET seemed to be autophagy-independent manner, but could positively contribute to the TET-induced autophagic flux. Previous studies suggest that TGF-β1-induced impaired autophagy is a critical pathogenesis of IPF, major in SQSTM1 gene repression. Emerging studies have found that NRF2 binds to the antioxidant response element (ARE) of the SQSTM1 promoter, leading to increase SQSTM1 transcription (Liu et al., 2007).
NRF2, a critical transcription factor, has a major anti-oxidant and anti-inflammatory effect. During stress conditions, NRF2 dissociates from Keap1 and translocates into the nucleus to regulate target genes through binding to ARE in their promoters (Hayes and McMahon 2009; Iso et al., 2016). However, the interaction of NRF2 and SQSTM1 is not confirmed in lung fibrosis. We show TET enhances the association between NRF2 and SQSTM1 and executes its anti-fibrosis effect via NRF2-SQSTM1pathway. Besides, defects in SQSTM1 may contribute to the deregulation in NRF2 activity seen in myofibroblasts and pulmonary fibrosis (Ichimura et al., 2013; Bian et al., 2018). Thus, up-regulation of SQSTM1 by TET may provide dual protection to TGF-β1-induced MLFs through facilitating both selective autophagy and the NRF2-mediated antioxidant response. Moreover, further investigations are required to clarify the involvement of NRF2 in the SQSTM1 transcription.
The Ras homolog enriched in the brain gene (Rheb) is ubiquitously expressed in mammalian cells and encodes proteins that play an important role in regulating cell growth and survival (Bai et al., 2007). Rheb exists either in an active GTP-bound state or an inactive GDP-bound state and only Rheb-GTP activates the rapamycin complex 1 (TORC1) (Goordan et al., 2011). Rheb/mTORC1 signaling plays a critical role for fibroblast activation in kidney fibrosis (Jiang et al., 2013). Our results show that TET inhibits the activity of Rheb by stimulating the conversion of Rheb-GTP to Rheb-GDP to repress mTOR signaling. Rheb activates mTOR signaling, including increased p-p70S6K and p-4E-BP1 (Huang and Manning 2008). Some studies provide strong support that mTORC1 signaling induces canonical Smad activation via 4E-BP1 phosphorylation which strongly promotes the profibrotic effect of TGF-β1 (Jiang et al., 2013). Indeed, TET inhibits mTORC1- 4E-BP1 signaling in TGF-β1-induced MLFs. Based on above data, we demonstrate that TET decreased collagen deposition induced by TGF-β1, partially through mTORC1/4E-BP1 signaling.
On the other hand, mTORC1 has been well established as the key negative regulator of autophagy, via suppression of the ULK1 complex at the initiation of autophagy (Yu et al., 2010). In this section, our data indicate TET can induce autophagy by inhibiting mTORC1 signaling pathway. Although mTORC1 is inactivated during autophagy initiation, it can be reactivated when energy supplies through the degradation of autolysosomal products at the end of autophagy flux. Interestingly, we found that TET can significantly increase the number of lysosomes which might be because of reactivated mTORC1. Its reaction is required for the reformation of functional lysosomes (Yu et al., 2010). Previous studies have been suggested that mTORC1 directly phosphorylates TFEB, a master transcriptional regulator of lysosomal and autophagy genes (Settembre et al., 2011). Taken together, TET induces autophagy by inactivating mTORC1 to supply more energy, then might reactivate mTORC1 in time-dependent manner to improve lysosome cycle. Nevertheless, further experiments will need to be performed to support this assumption.
Additionally, intracellular degradation of Col-I via autophagy indicates a critical role of autophagy in collagen homeostasis (Kim et al., 2012). We provide evidence TET improves co-localization CoI-I with LAMP2 and MAP1LC3-II. Among these, we suggest TET reduced Col-I accumulation by dragging Col-1-LC3 complex into the lysosome for degradation. Therefore, our study provides initial evidence that TET -mediated degradation of Col-I through autophagy was partially resistance to pulmonary fibrosis.
In summary, TET, a monomeric component of traditional Chinese medicine, ameliorates BLM-induced experimental lung fibrosis. In addition, our results showed that TET exerts antifibrotic effects via NRF2/SQSTM1 signaling and Rheb/mTORC1 pathway mediated autophagy. Furthermore, TET can promote SQSTM1 transcription by NRF2. This study shows a novel mechanism that NRF2 and SQSTM1 play fundamental roles through regulating autophagy in lung fibrosis. Based on these findings, TET should be considered as a therapeutic option for IPF patients.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Nanfang Hospital, Southern Medical University.
AUTHOR CONTRIBUTIONS
YL and WZ designed and performed experiments, analyzed data, interpreted the results and wrote the manuscript. JZ, WC, and YeL performed experiments and analyzed data. YQ, ZZ, and HH performed experiments. HD and SC designed and supervised the study, interpreted the results, wrote, and edited the manuscript.
FUNDING
This study was supported by the National Natural Science Foundation of China (81870058, 81970032, 81600648), the Natural Science Foundation of Guangdong Province (2017A030313849).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.739220/full#supplementary-material
REFERENCES
 Araya, J., and Nishimura, S. L. (2010). Fibrogenic Reactions in Lung Disease. Annu. Rev. Pathol. 5, 77–98. doi:10.1146/annurev.pathol.4.110807.092217
 Araya, J., Kojima, J., Takasaka, N., Ito, S., Fujii, S., Hara, H., et al. (2013). Insufficient Autophagy in Idiopathic Pulmonary Fibrosis. Am. J. Physiol. Lung Cel Mol Physiol. 304 (1), L56–L69. doi:10.1152/ajplung.00213.2012
 Baek, H. A., Kim, D. S., Park, H. S., Jang, K. Y., Kang, M. J., Lee, D. G., et al. (2012). Involvement of Endoplasmic Reticulum Stress in Myofibroblastic Differentiation of Lung Fibroblasts. Am. J. Respir. Cel Mol Biol 46 (6), 731–739. doi:10.1165/rcmb.2011-0121OC
 Bai, X., Ma, D., Liu, A., Shen, X., Wang, Q. J., Liu, Y., et al. (2007). Rheb Activates mTOR by Antagonizing its Endogenous Inhibitor, FKBP38. Science 318 (5852), 977–980. doi:10.1126/science.1147379
 Barth, S., Glick, D., and Macleod, K. F. (2010). Autophagy: Assays and Artifacts. J. Pathol. 221 (2), 117–124. doi:10.1002/path.2694
 Bhagya, N., and Chandrashekar, K. R. (2016). Tetrandrine--A Molecule of Wide Bioactivity. Phytochemistry 125, 5–13. doi:10.1016/j.phytochem.2016.02.005
 Bian, C., Qin, W. J., Zhang, C. Y., Zou, G. L., Zhu, Y. Z., Chen, J., et al. (2018). Thalidomide (THD) Alleviates Radiation Induced Lung Fibrosis (RILF) via Down-Regulation of TGF-β/Smad3 Signaling Pathway in an Nrf2-dependent Manner. Free Radic. Biol. Med. 129, 446–453. doi:10.1016/j.freeradbiomed.2018.10.423
 Bueno, M., Lai, Y. C., Romero, Y., Brands, J., St Croix, C. M., Kamga, C., et al. (2015). PINK1 Deficiency Impairs Mitochondrial Homeostasis and Promotes Lung Fibrosis. J. Clin. Invest. 125 (2), 521–538. doi:10.1172/JCI74942
 Ciani, B., Layfield, R., Cavey, J. R., Sheppard, P. W., and Searle, M. S. (2003). Structure of the Ubiquitin-Associated Domain of P62 (SQSTM1) and Implications for Mutations that Cause Paget's Disease of Bone. J. Biol. Chem. 278 (39), 37409–37412. doi:10.1074/jbc.M307416200
 Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H., Giembycz, M. A., et al. (2018). Experimental Design and Analysis and Their Reporting II: Updated and Simplified Guidance for Authors and Peer Reviewers. Br. J. Pharmacol. 175 (7), 987–993. doi:10.1111/bph.14153
 Goordan., S. M., Hoogeveen-Westerveld, M., Cheng, C., van Woerden, G. M., Mozaffari, M., Post, L., et al. (2011). Rheb Is Essential for Murine Development. Mol. Cel Biol 31 (8), 1672–1678. doi:10.1128/MCB.00985-10
 Hariharan, N., Zhai, P., Sadoshima, J., and signaling, r. (2011). Oxidative Stress Stimulates Autophagic Flux during Ischemia/reperfusion. Antioxid. Redox Signal. 14 (11), 2179–2190. doi:10.1089/ars.2010.3488
 Hayes, J. D., and McMahon, M. (2009). NRF2 and KEAP1 Mutations: Permanent Activation of an Adaptive Response in Cancer. Trends Biochem. Sci. 34 (4), 176–188. doi:10.1016/j.tibs.2008.12.008
 Hübner, R. H., Gitter, W., El Mokhtari, N. E., Mathiak, M., Both, M., Bolte, H., et al. (2008). Standardized Quantification of Pulmonary Fibrosis in Histological Samples. Biotechniques 44 (4), 507–11. doi:10.2144/000112729
 Hu, B., Zhang, Y., Jia, L., Wu, H., Fan, C., Sun, Y., et al. (2015). Binding of the Pathogen Receptor HSP90AA1 to Avibirnavirus VP2 Induces Autophagy by Inactivating the AKT-MTOR Pathway. Autophagy 11 (3), 503–515. doi:10.1080/15548627.2015.1017184
 Huang, J., and Manning, B. D. (2008). The TSC1-TSC2 Complex: a Molecular Switchboard Controlling Cell Growth. Biochem. J. 412 (2), 179–190. doi:10.1042/BJ20080281
 Hutchinson, J., Fogarty, A., Hubbard, R., and McKeever, T. (2015). Global Incidence and Mortality of Idiopathic Pulmonary Fibrosis: a Systematic Review. Eur. Respir. J. 46 (3), 795–806. doi:10.1183/09031936.00185114
 Ichimura, Y., Waguri, S., Sou, Y. S., Kageyama, S., Hasegawa, J., Ishimura, R., et al. (2013). Phosphorylation of P62 Activates the Keap1-Nrf2 Pathway during Selective Autophagy. Mol. Cel 51 (5), 618–631. doi:10.1016/j.molcel.2013.08.003
 Iso, T., Suzuki, T., Baird, L., Yamamoto, M., and Biology, C. (2016). Absolute Amounts and Status of the Nrf2-Keap1-Cul3 Complex within Cells. Mol. Cel Biol 36 (24), 3100–3112. doi:10.1128/MCB.00389-16
 Jiang, L., Xu, L., Mao, J., Li, J., Fang, L., Zhou, Y., et al. (2013). Rheb/mTORC1 Signaling Promotes Kidney Fibroblast Activation and Fibrosis. J. Am. Soc. Nephrol. 24 (7), 1114–1126. doi:10.1681/ASN.2012050476
 Kim, S. I., Na, H. J., Ding, Y., Wang, Z., Lee, S. J., and Choi, M. E. (2012). Autophagy Promotes Intracellular Degradation of Type I Collagen Induced by Transforming Growth Factor (TGF)-β1. J. Biol. Chem. 287 (15), 11677–11688. doi:10.1074/jbc.M111.308460
 King, T. E., Bradford, W. Z., Castro-Bernardini, S., Fagan, E. A., Glaspole, I., Glassberg, M. K., et al. (2014). A Phase 3 Trial of Pirfenidone in Patients with Idiopathic Pulmonary Fibrosis. N. Engl. J. Med. 370 (22), 2083–2092. doi:10.1056/NEJMoa1402582
 King, T. J., Noble, P. W., and Bradford, W. Z. (2011). Idiopathic Pulmonary Fibrosis. Lancet (London, England) 378 (9807), 1949–1961. doi:10.1055/b-0034-74199
 Klionsky, D. J., Cuervo, A. M., and Seglen, P. O. (2007). Methods for Monitoring Autophagy from Yeast to Human. Autophagy 3 (3), 181–206. doi:10.4161/auto.3678
 Lamark, T., Svenning, S., and Johansen, T. (2017). Regulation of Selective Autophagy: the p62/SQSTM1 Paradigm. Essays Biochem. 61 (6), 609–624. doi:10.1042/EBC20170035
 Li, S., Fan, T. P., Jia, W., Lu, A., and Zhang, W. (2014). Network Pharmacology in Traditional Chinese Medicine. Evid. Based Complement. Alternat Med. 2014, 138460. doi:10.1155/2014/138460
 Lippai, M., and Lőw, P. (2014). The Role of the Selective Adaptor P62 and Ubiquitin-like Proteins in Autophagy. Biomed. Res. Int. 2014, 832704. doi:10.1155/2014/832704
 Liu, Y., Kern, J. T., Walker, J. R., Johnson, J. A., Schultz, P. G., and Luesch, H. (2007). A Genomic Screen for Activators of the Antioxidant Response Element. Proc. Natl. Acad. Sci. U S A. 104 (12), 5205–5210. doi:10.1073/pnas.0700898104
 Liu, C., Gong, K., Mao, X., and Li, W. (2011). Tetrandrine Induces Apoptosis by Activating Reactive Oxygen Species and Repressing Akt Activity in Human Hepatocellular Carcinoma. Int. J. Cancer 129 (6), 1519–1531. doi:10.1002/ijc.25817
 Liu, T., Zhang, Z., Yu, C., Zeng, C., Xu, X., Wu, G., et al. (2017). Tetrandrine Antagonizes Acute Megakaryoblastic Leukaemia Growth by Forcing Autophagy-Mediated Differentiation. Br. J. Pharmacol. 174 (23), 4308–4328. doi:10.1111/bph.14031
 Mauvezin, C., and Neufeld, T. P. (2015). Bafilomycin A1 Disrupts Autophagic Flux by Inhibiting Both V-ATPase-Dependent Acidification and Ca-P60A/SERCA-dependent Autophagosome-Lysosome Fusion. Autophagy 11 (8), 1437–1438. doi:10.1080/15548627.2015.1066957
 Moscat, J., and Diaz-Meco, M. T. (2009). p62 at the Crossroads of Autophagy, Apoptosis, and Cancer. Cell 137 (6), 1001–1004. doi:10.1016/j.cell.2009.05.023
 Narita, M., Young, A. R., Arakawa, S., Samarajiwa, S. A., Nakashima, T., Yoshida, S., et al. (2011). Spatial Coupling of mTOR and Autophagy Augments Secretory Phenotypes. Science 332 (6032), 966–970. doi:10.1126/science.1205407
 Ohashi, A., Ohori, M., Iwai, K., Nakayama, Y., Nambu, T., Morishita, D., et al. (2015). Aneuploidy Generates Proteotoxic Stress and DNA Damage Concurrently with P53-Mediated post-mitotic Apoptosis in SAC-Impaired Cells. Nat. Commun. 6, 7668. doi:10.1038/ncomms8668
 Patel, A. S., Lin, L., Geyer, A., Haspel, J. A., An, C. H., Cao, J., et al. (2012). Autophagy in Idiopathic Pulmonary Fibrosis. PLoS One 7 (7), e41394. doi:10.1371/journal.pone.0041394
 Richeldi, L., du Bois, R. M., Raghu, G., Azuma, A., Brown, K. K., Costabel, U., et al. (2014). Efficacy and Safety of Nintedanib in Idiopathic Pulmonary Fibrosis. N. Engl. J. Med. 370 (22), 2071–2082. doi:10.1056/NEJMoa1402584
 Settembre, C., Di Malta, C., Polito, V. A., Garcia Arencibia, M., Vetrini, F., Erdin, S., et al. (2011). TFEB Links Autophagy to Lysosomal Biogenesis. Science 332 (6036), 1429–1433. doi:10.1126/science.1204592
 Sosulski, M. L., Gongora, R., Danchuk, S., Dong, C., Luo, F., and Sanchez, C. G. (2015). Deregulation of Selective Autophagy during Aging and Pulmonary Fibrosis: the Role of TGFβ1. Aging cell 14 (5), 774–783. doi:10.1111/acel.12357
 Su, W., Liang, Y., Meng, Z., Chen, X., Lu, M., Han, X., et al. (2020). Inhalation of Tetrandrine-Hydroxypropyl-β-Cyclodextrin Inclusion Complexes for Pulmonary Fibrosis Treatment. Mol. Pharm. 17 (5), 1596–1607. doi:10.1021/acs.molpharmaceut.0c00026
 Svenning, S., and Johansen, T. (2013). Selective Autophagy. Essays Biochem. 55, 79–92. doi:10.1042/bse0550079
 Teng, G., Svystonyuk, D., Mewhort, H. E., Turnbull, J. D., Belke, D. D., Duff, H. J., et al. (2015). Tetrandrine Reverses Human Cardiac Myofibroblast Activation and Myocardial Fibrosis. Am. J. Physiol. Heart Circ. Physiol. 308 (12), H1564–H1574. doi:10.1152/ajpheart.00126.2015
 Wang, H., Liu, T., Li, L., Wang, Q., Yu, C., Liu, X., et al. (2015). Tetrandrine is a Potent Cell Autophagy Agonist via Activated Intracellular Reactive Oxygen Species. Cell Biosci 5, 4. doi:10.1186/2045-3701-5-4
 Yin, M. F., Lian, L. H., Piao, D. M., and Nan, J. X. (2007). Tetrandrine Stimulates the Apoptosis of Hepatic Stellate Cells and Ameliorates Development of Fibrosis in a Thioacetamide Rat Model. World J. Gastroenterol. 13 (8), 1214–1220. doi:10.3748/wjg.v13.i8.1214
 Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A., Rong, Y., Peng, J., et al. (2010). Termination of Autophagy and Reformation of Lysosomes Regulated by mTOR. Nature 465 (7300), 942–946. doi:10.1038/nature09076
 Zhang, Z., Liu, T., Yu, M., Li, K., and Li, W. (2018). The Plant Alkaloid Tetrandrine Inhibits Metastasis via Autophagy-dependent Wnt/β-Catenin and Metastatic Tumor Antigen 1 Signaling in Human Liver Cancer Cells. J. Exp. Clin. Cancer Res. 37 (1), 7. doi:10.1186/s13046-018-0678-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Liu, Zhong, Zhang, Chen, lu, Qiao, Zeng, Huang, Cai and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 22 November 2021
doi: 10.3389/fphar.2021.741151


[image: image2]
Circular RNA CREBBP Suppresses Hepatic Fibrosis Via Targeting the hsa-miR-1291/LEFTY2 Axis
Ya-Ru Yang1†, Shuang Hu2,3†, Fang-Tian Bu2,3, Hao Li2,3, Cheng Huang2,3, Xiao-Ming Meng2,3, Lei Zhang2,3, Xiong-Wen Lv2,3 and Jun Li2,3*
1Department of Clinical Pharmacology, Second Hospital of Anhui Medical University, Hefei, China
2Inflammation and Immune Mediated Diseases Laboratory of Anhui Province, School of Pharmacy, Anhui Institute of Innovative Drugs, Anhui Medical University, Hefei, China
3Institute for Liver Diseases of Anhui Medical University, Anhui Medical University, Hefei, China
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Chen-Huan Yu, Institute of Cancer and Basic Medicine (CAS), China
Yang Yang, University of Texas Health Science Center at Houston, United States
* Correspondence: Jun Li, ayefyyy@126.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 14 July 2021
Accepted: 01 September 2021
Published: 22 November 2021
Citation: Yang Y-R, Hu S, Bu F-T, Li H, Huang C, Meng X-M, Zhang L, Lv X-W and Li J (2021) Circular RNA CREBBP Suppresses Hepatic Fibrosis Via Targeting the hsa-miR-1291/LEFTY2 Axis. Front. Pharmacol. 12:741151. doi: 10.3389/fphar.2021.741151

CircRNAs (circRNAs) are commonly dysregulated in a variety of human diseases and are involved in the development and progression of cancer. However, the role of circRNAs in hepatic fibrosis (HF) is still unclear. Our previous high throughput screen revealed changes in many circRNAs in mice with carbon tetrachloride (CCl4)-induced HF. For example, circCREBBP was significantly down-regulated in primary hepatic stellate cells (HSCs) and liver tissue of HF mice induced by CCl4 compared to those in the vehicle group. Overexpression of circCREBBP with AAV8-circCREBBP in vivo prevented CCl4-induced HF worsening by reducing serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) contents, liver hydroxyproline levels, collagen deposition, and levels of pro-fibrosis genes and pro-inflammatory cytokines. Furthermore, in vitro function loss and function gain analysis showed that circCREBBP inhibited HSCs activation and proliferation. Mechanically, circCREBBP acts as a sponge for hsa-miR-1291 and subsequently promotes LEFTY2 expression. In conclusion, our current results reveal a novel mechanism by which circCREBBP alleviates liver fibrosis by targeting the hsa-miR-1291/LEFTY2 axis, and also suggest that circCREBBP may be a potential biomarker for heart failure.
Keywords: biomarker, HF, circCREBBP, miR-17-5p, hsa-miR-1291, LEFTY2
INTRODUCTION
Chronic liver disease is a global health problem due to its high incidence and limited treatment options worldwide. They can be caused by a variety of causes, including communicable and non-communicable diseases (Poilil Surendran et al., 2017). Fibrosis is the final common pathway of chronic liver disease of various etiologies, including toxic damage, viral infections, autoimmune conditions, and metabolic and genetic diseases (Campana and Iredale, 2017). Hepatic stellate cells (HSCs) receive the signals secreted by the damaged liver cells and immune cells to transdifferentiate into activated myofibroblast-like cells characterized by the expression of α-smooth muscle actin (α-SMA) and the production of extracellular matrix (ECM) (He et al., 2015). Excessive accumulation of ECM distorts the liver architecture by forming fibrous scars, and hepatocytes are replaced by abundant ECM (Chen et al., 2020). Although hepatic fibrosis (HF) is reversible, if left untreated, it will develop into cirrhosis, which is an important cause of death and disease (Zhao et al., 2019). Thus, understanding the mechanisms of HF regression will lead to the identification of new therapeutic targets for HF.
Noncoding RNAs, represented by circRNAs, microRNAs and lncRNAs, lack the ability to transform into proteins and account for nearly 98% of the transcriptome (Zhang et al., 2017). As important members of ncRNAs, circRNAs have attracted extensive attention in recent decades. Different from linear RNA, circRNA is a covalently linked single stranded RNA without 5 ‘and 3′ ends (Figure 1) (Xia et al., 2019). In recent years, next-generation sequencing and bioinformatics technologies have revealed the vital role of circRNAs in the diagnosis and prognosis of various diseases (Pamudurti et al., 2017). Therefore, circRNAs may play a key role in gene regulation, including acting as microRNA “sponges” to isolate and inhibit miRNA targeting messenger RNAs, regulating RNA polymerase II (Pol-II) transcription and splicing of parent genes (Wang et al., 2019). Of note, various circRNAs are dysregulated in pathophysiological processes and regulate gene expression through miRNA sponges, known as the competitive endogenous RNA (ceRNA) mechanism (Zheng et al., 2016). In recent years, our research group has devoted itself to the effects of ncRNAs in liver diseases. Although there are reports that several circRNAs are dysregulated in HF (Zhou et al., 2018; Zhu et al., 2018), the expression profile, biological functions and molecular mechanisms of circRNAs in HF, especially HSC, are still unclear and require further research.
[image: Figure 1]FIGURE 1 | The description of cirRNA and high-throughput sequencing..
In this study, we analyzed the expression profile of circRNAs, miRNAs and mRNAs in HF patients in order to identify biomarkers associated with the course of HF and regression to pathological stage. We found a novel dysregulated circRNAs circCREBBP (hsa_circ_0007673, mmu_circ_0006288) which derived from CREB-binding protein n (CREBBP, hereafter CBP) gene locus. Interestingly, circCREBBP significantly downregulated in the HF compared with healthy controls. Functionally, the overexpression of circCREBBP inhibits the activation of HSCs, reduces the transdifferentiation of myofibroblasts, alleviates liver fibrosis injury in mice, and reduces collagen deposition, suggesting that circCREBBP has an anti-fibrosis effect in HF. In terms of mechanism, we confirmed that circCREBBP, as a miRNA sponge, binds to hsa-miR-1291 and regulates the expression of left-right determinant cluster 2 (LEFTY2), revealing that circCREBBP/ha-miR-1291/LEFTY2 axis plays a key role in HSCs activation and HF. Therefore, our study suggests that circCREBBP may be a promising biomarker for the treatment of HF. To our knowledge, this is the first report to investigate the expression profile, regulatory function and mechanism of circCREBBP in HF.
METHODS
Animal Experiments
C57BL/6 male mice (6–8 weeks old) were purchased from Anhui Medical University, and all animal experiments were approved by the Animal Care and Use Committee of Anhui Medical University (Hefei, China). HF was induced using intraperitoneal injection of 10% CCl4 (CCl4:olive oil = 1:4; dose, 0.001 ml/g/mouse biweekly for 4 weeks). Mice in the vehicle group were injected with the same volume of olive oil for the same time. All animal procedures were approved by the Animal Experiment Ethics Committee of Anhui Medical University.
CircRNA Expression Profile Analysis
RNA Extraction and Quality Control Total RNA was prepared from HSCs using the Mirneasy microkit (QIAGEN, Germany). The RNA was then purified using the RNA Clean XP kit (Beckman Coulter, United States) and the RNA-enzyme free DNA asome (Qiagen, Germany). Next, RNA count and integrity were measured using Nanodrop 2000 (Thermo Fisher Scientific, MA) and Agilent BioAnalyzer 2100 (Agilent Technologies, United States), respectively. Library Preparation and High-throughput Sequencing ® The RNA-Seq library was constructed using the Stranged Total RNA Sample Preparation Kit (Illumina, United States) as per the manufacturer’s instructions. The RNA-Seq library was then quantified with a ® 2.0 fluorimeter using Qubit (Life Technologies, United States). In addition, the RNA-Seq library was validated by the Agilent 2100 BioAnalyzer (Agilent Technologies, Inc., United States). Insertion size and molar concentration were measured, and clusters were generated using CBOT. The libraries were diluted to 10 μm and sequenced in the Illumina HiSeq 2500 system (Illumina, United States). The library was constructed, validated and sequenced by OriginBiotech (Shanghai, China) (Table 1).
TABLE 1 | Sequences of PCR primers.
[image: Table 1]Data Analysis
FASTQC1 software (v. 0.11.3) Test the quality control of RNA sequence readings. In addition to the known Illumina TruSeq adapter sequences, error reads, and ribosomal RNA reads, the RNA sequences were first pruned using SEQTK2 software. The deleted fragment was then mapped to the mouse reference genome using BWA-Mem software (v.2.0.4). Furthermore, circRNA was predicted with circI software, matched with circBase and known circRNAs, and the count was normalized with SRPBM. The deleted gene fragment is also passed by Hisat2 (v. 2.0.4). Pull rod. 1.3.0) Perform pruning to read each gene count. In the Perl script, the gene count is standardized by the pruning mean (TMM) of the M value and the number of fragments per kilobase transcript (FPKM). The differentially expressed circRNAs (DECs) among the three groups were analyzed by EDGER software. The main inclusion criteria for Decs were FC≥2. CircRNAs were predicted by analyzing significantly disregulated circRNAs-miRNAs interactions according to Origin Biotech’s custom software based on miRanda software.
Microarray Analysis
Affymetrix ® miRNA 4.0 Array (Affymetrix, United States) is used under the manufacturer’s agreement. The FlashtagTM Biotin HSR Labeling Kit (Affymetrix) is used for poly (A) biotin labeling and hybridization. Next, the array and images were stained using a gene-chip hybridization cleaning and staining kit (Thermo Fisher, Inc., United States) and scanned to obtain the raw data. The miRNAs (DEMs) differentially expressed between HREE groups were identified by volcano map filtering and folding change filtering (Log2FCL >1). Two databases, TargetScan and IRANDA, were used to predict miRNAs targets, and common targets were obtained. Next, he used Venny to screen for intersections between the target gene and DEM. Pathway analysis was performed, followed by enrichment analysis based on genetic information from GO and KEGG pathways.
Analysis of the ceRNA Network
CircRNas-miRNas-mRNas-cernet is constructed based on the negative regulatory relationship between differentially expressed miRNAs and their differentially expressed target genes mRNAs and circRNAs. Interactive CERNET is built using Cytoscape.
Human Liver Samples
All liver specimens were obtained from the First An Affiliated Hospital of Anhui Province (China City) from March 2016 to June 2019. The study was approved by the Biomedical Ethics Committee of Anhui Medical University. All patients and volunteers in this study were given written informed consent. Liver tissues were collected from 14 patients with liver fibrosis caused by hepatitis B virus (HBV) and hepatitis C virus (HCV) infection. Ten normal liver tissue samples were obtained from transplant donors. The samples were immediately frozen in liquid nitrogen, then stored at −80°C, and part of the tissue samples were fixed and embedded for pathological staining. Patient characteristics.
AAV2/8-Mediated Overexpression of circCREBBP in Mice
Luciferase-labelled specific liver tissue location of AAV2/8-mmu_circ_0006288 and vector were designed and synthesized by Hanbio Biotechnology (Shanghai, China). AAV2/8-mmu_circ_0006288 and vector (1 × 10 12 vg/ml), diluted in saline, were injected into the tail vein of mice, respectively. One week later, mouse HF model was established for 4 weeks after AAV2/8-mmu_circ_0006288 administration. Mice exposed to AAV2/8-mmu_circ_0006288 delivery were anaesthetized, effect of AAV2/8-mmu_circ_0006288 on liver tissue location was confirmed using an IVIS Lumina III Imaging System (Caliper Life Sciences, United States). For miR-Up-agomir treated mice, 1 week after HF modeling, mice received tail vein injection of miR-1291 agomir or NC agomir (10 mmol/kg, 4 times injections) synthesized by Genepharma (Shanghai, China). After administration, mice were sacrificed and liver tissue was fixed and paraffin-embedded or primary hepatocytes were isolated.
Histology and Immunohistochemistry
Paraffin-embedded liver tissue sections (4 μm) were immobilized with paraformaldehyde for H&E fixation, Sirius red staining and Masson staining have been described previously (Huang et al., 2019). The slides were scanned by an automated digital slide scanner (Pannoramic MIDI, 3DHISTECH, Hungary) and analyzed by CaseViewer software. The positive staining area was measured with IPWIN32 software.
DNA Sequencing
RNA was reverse-transcribed into cDNA using PrimeScript RT Master Mix (Takara, Japan). Polymerase chain reaction (PCR) was performed using a 2×Taq master mixture (Takara, Japan) in accordance with the manufacturer’s protocol. PCR products were identified by DNA sequencer (ABI3730XL, United States).
Fluorescence in situ Hybridization
CircCREBBP and miR-1291 were hybridized in situ with a specific probe. A 5 ‘CY3 labeled miR-1291 probe and a 5′ FAM labeled probe were designed and synthesized, and the probe was linked to circCREBBP through the splicing junction. Hybridization analysis was performed using a fluorescence in situ hybridization kit (GenePharma, China) according to the manufacturer’s protocol. Liver sections were processed and incubated with a probe at 37°C for 16 h. The nuclei were stained with DAPI. The signal was detected with an inverted fluorescence microscope (Olympus Japan IX83).
Cell Culture
LX-2 cells are a human immortalized HSC cell line that was cultured at 37°C in a humidified atmosphere of 5% CO2 in Dulbecco modified Eagle medium (Gibco, United States) supplemented with 10% fetal bovine serum (Gibco, United States) and 1% penicillin/streptomycin.
Construction of Stable circCREBBP
The lentivirus circCREBBP and its vector were designed and constructed by Hanson Biotech (Shanghai) Co., Ltd. LX-2 cells were transfected with lentivirus circCREBBP or vector (multiple infection, MOI = 10).
circCREBBP Knockdown
Small interfering RNAs (siRNAs) of circCREBBP were synthesized to target the junction site of circCREBBP. Si-circCREBBP was transfected into LX-2 cells using Lipofectamine rNAIMAX (Life Technologies, Inc.) according to the manufacturer’s protocol. After transfection for 6 h, fresh medium was substituted for transfection for another 48 h. The silencing efficiency of circCREBBP was confirmed by qRT-PCR after transfection.
RNA Extraction and qRT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, CA) according to the manufacturer’s protocol (Yang et al., 2020). Concentration and quality of RNA were measured by NanoDrop 2000 (Thermo Fisher Scientific, MA), paired samples were adjusted to the similar concentration for used. Divergent primers were designed for circRNAs. qRT-PCR assay was performed using CFX96 RT-PCR system (Bio-Rad, CA) with SYBR Premix Ex Taq™ II (Takara, Japan).
Western Blotting
As mentioned earlier, Western blotting was performed using RIPA lysis buffer [39]. The same amount of protein was separated by SDS-PAGE electrophoresis, then transferred to PVDF membrane in Malipoli, United States, and sealed. The bands were visualized using the Enhanced Chemiluminescence Detection System (Bio-Rad, CA), and then quantified using ImageJ software (NIH, Bethesda, United States) and standardized β-actin for internal control. The related antibodies information is following:

[image: Table 4]Statistical Analysis
Data collected in this study were presented as mean ± analyzed using one-way analysis of variance (ANOVA), followed by Newman-Keuls post facto test (Prism 5.0 GraphPad Software, Inc., San Diego, CA, United States).
RESULTS
CircRNAs Expression Profile in HF in Huaman by High-Throughput Sequencing
To investigate the expression profile of circRNAs involved in HF, HF tissues were analyzed by circular RNA high-throughput sequencing (Seq) (the clinical characteristics of patients were shown in Table 2). Results showed that 103 circRNAs were differentially expressed in HF tissues compared with non-HF tissues, and the expression levels of 18 circRNAs were up-regulated, 85 circRNAs expression levels were down-regulated in HF tissues (Table 3). Moreover, Scatter plot of circRNAs expression correlation, volcano map of differentially expressed circRNAs and Heatmap among samples were showed in Figures 2A–C. Meanwhile, the scatter plot of GO enrichment of differentially expressed circRNAs parental gene was showed in Figures 2D,E the analysis results of KEGG pathway in differentially expressed circRNAs parental gene were presented in Figure 2F.
TABLE 2 | Clinical characteristics of patients.
[image: Table 2]TABLE 3 | Comparison of hepatic fibrosis(HF) versus the control for the top 5 up-regulated and 5 down-regulated expression of circRNAs(FC ≥ 2.0, p < 0.05) sorted by their FC.
[image: Table 3][image: Figure 2]FIGURE 2 | CircRNAs expression profile in HF in huaman by high-throughput sequencing. Scatter plot of circRNAs expression correlation, volcano map of differentially expressed circRNAs and Heatmap among samples (A–C). the scatter plot of GO enrichment of differentially expressed circRNAs parental gene (D and E). the analysis results of KEGG pathway in differentially expressed circRNAs parental gene (F).
Expression of circCREBBP Decreased in HF Tissues
Most circRNAs are obtained from exon regions of known protein-coding genes by unsplicing 28. By classifying circRNAs based on their expression intensity and screening for exon types, we identified malregulated circRNAs using qRT-PCR, which was consistent with circRNA-seq data. We focused on circCREBBP (hsa_circ_0007637), which significantly downregulated in HF tissues (Figures 3A–C). Additionally, we also detected the expression level of hsa_circ_0007637 in human L0-2 and LX-2 cells stimulated by TGF-β1 and we found that hsa_circ_0007637 was decrease (Figures 3D,E). Next, we also established a mouse model of HF (Figures 3G,H), suggested that the expression of circCREBBP is related to the pathology of HF, and its potential value as a diagnostic and prognostic indicator of HF.
[image: Figure 3]FIGURE 3 | Expression level of circCREBBP decreased in HF tissues. The malregulated circRNAs using qRT-PCR, which was consistent with circRNA-seq data. We focused on circCREBBP (hsa_circ_0007637), which significantly downregulated in HF tissues (A–C). The expression level of hsa_circ_0007637 in in human L0-2 and LX-2 cells stimulated by TGF-β1 and we found that hsa_circ_0007637 was decreased (D,E). It was also established a mouse model of HF (F–H).
circCREBBP Suppresses Activation and Proliferation of LX-2 Cells in vitro
To assess the functional roles of circCREBBP (hsa_circ_0007637) in LX-2 cells (a human HSC line with the key features of activated HSCs), loss-of-function and gain-of-function assays were performed, respectively. First, we up-regulated the expression level of hsa_circ_0007637 in LX-2 cells and the efficiency of overexpression hsa_circ_0007637 were shown in Figures 4A–C. Functionally, up-regulated expression of circCREBBP (Figure 4D) subsequently decreased the mRNA and protein levels of α-SMA and Col1A1 (Figures 4E–H). Moreover, up-regulated expression of circCREBBP could arrest cycle and inhibit cell proliferation (Figures 4I,J).
[image: Figure 4]FIGURE 4 | CircCREBBP suppresses activation and proliferation of LX-2 cells in vitro. The up-regulated the expression level of hsa_circ_0007637 in LX-2 cells and the efficiency of overexpression hsa_circ_0007637 (A–C). The up-regulated expression of circCREBBP subsequently decreased the mRNA and protein levels of α-SMA and Col1A1 (D–H). CircCREBBP could arrest cycle and inhibit cell proliferation (I,J).
Anti-Fibrotic Effects of circCREBBP in HF Mice in vivo
Next, we further investigated the effects of circCREBBP (mmu_circ_0006288) on HF mice. We injected rAAV2/8-mmu_circ_0006288-eGFP into the tail vein of mice (Figure 5A). Functionally, liver parenchyma and vascular architecture distortion, collagen deposition were consistently reduced in HF mice following rAAV2/8-mmu_circ_0006288-eGFP administration (Figures 5B,C). Both expression levels of ALT and AST in serum were reduced in rAAV2/8-mmu_circ_0006288-eGFP-treated HF mice (Figures 5D,E). In addition, fibrosis factor (α-) was down-regulated in SMA and type I collagen after CIRCREBBP overexpression (Figures 5F–I). Taken together, these results suggest that liver specific raAV2/8-mmu \u circ\u 0006288-EGFP can significantly inhibit liver fibrosis injury and fibrosis marker expression in HF mice overexpressed with circCREBBP.
[image: Figure 5]FIGURE 5 | Anti-fibrotic effects of circCREBBP in HF mice in vivo. AAV2/8-mmu_circ_0006288 was injected into the tail vein of mice (A). Liver parenchyma and vascular architecture distortion, collagen deposition were consistently reduced in HF mice following AAV2/8-mmu-circ-0006288 administration (B,C). The expression levels of ALT and AST in serum were reduced in AAV2/8-mmu-circ-0006288-treated HF mice (D,E). The fibrosis factor (α-SMA and COL1A1) were down-regulated after circCREBBP was overexpressed (F–I).
Microarray Analysis and Identification of circCREBBP-Hsa-miR-1291 Connectivity
A feature of circRNAs is acts as miRNAs sponges. To assess the potential miRNAs bind to circCREBBP, and identify promising novel miRNAs relate to HF, miRNA expression profile in HF tissues was analyzed by microarray. Importantly, we found 14 miRNAs downregulated in HF mice, along with 11 miRNAs upregulated in HF mice (Figures 6A–C). Network based on the correlations between differentially expressed miRNAs and their differentially expressed circRNA targets was showed in a diagram (Figure 6D). Based on sequence pairing, binding sites of hsa-miR-1291 were identified within the circCREBBP sequences (Figures 6E,F). Therefore, a focus was placed on the interaction between circCREBP and hsa-miR-1291 for further investigation.
[image: Figure 6]FIGURE 6 | Microarray analysis and identification of circCREBBP-hsa-miR-1291 connectivity. To assess the potential miRNAs bind to circCREBBP, and identify promising novel miRNAs relate to HF, miRNA expression profile in HF tissues was analyzed by microarray. Importantly, we found 14 miRNAs downregulated in HF mice, along with 11 miRNAs upregulated in HF mice (A–C). Network based on the correlations between differentially expressed miRNAs and their differentially expressed circRNA targets was showed in a diagram (D). Based on sequence pairing, binding sites of hsa-miR-1291 were identified within the circCREBBP sequences (E,F).
circCREBBP Upregulates the Expression of LEFTY2 by Sponging Hsa-miR-1291
The qRT-PCR results showed that the expression level of hsa-miR-1291 were up-regulated in TGF-β1-indcued LX-2 cells, HF patients and mouse tissues (Figures 7A–C). When circCREBBP expression was increased, hsa-miR-1291 expression level was down-regulated (Figures 7D,E). Meanwhile, α-SMA and Col1A1 protein and mRNA expression levels in LX-2 cells transfected with over-expressed hsa-miRNA-1291 were decreased (Figures 7F–I). Next, an interaction network of circRNAs-miRNAs-mRNAs was established based on the negative regulatory relationship between differentially expressed miRNAs and their differentially expressed target circRNAs and mRNAs (Figure 7J). We found that LEFTY2 is one of the target genes of hsa-miR-1291. Binding sites of LEFTY2 were identified within the hsa-miRNA-1291 sequences (Figures 8A,B). Importantly, expression level of LEFTY2 was down-regulated in HF mouse tissues (Figures 8C–E). At the same time, expression level of LEFTY2 was increased in rAAV2/8-mmu_circ_0006288-eGFP-treated HF mice (Figures 8F–H). What’s more, when hsa-miRNA-1291 expression was increased or decreased, LEFTY2 expression level was down-regulated or up-regulated (Figures 8I–N). These results demonstrated that circCREBBP acted as a sponge of hsa-miR-1291 to eliminate the effects of LEFTY2 on HF through circCREBBP/hsa-miR-1291/LEFTY2 axis.
[image: Figure 7]FIGURE 7 | CircCREBBP upregulates the expression of LEFTY2 by sponging hsa-miR-1291. The qRT-PCR results showed that the expression level of hsa-miR-1291 were up-regulated in TGF-β1-indcued LX-2 cells, HF patients and mouse tissues (A–C). When circCREBBP expression was increased, hsa-miR-1291 expression level was down-regulated (D,E). α-SMA and Col1A1 protein and mRNA expression levels in LX-2 cells transfected with over-expressed hsa-miRNA-1291 were decreased (F–I). An interaction network of circRNAs-miRNAs-mRNAs was established based on the negative regulatory relationship between differentially expressed miRNAs and their differentially expressed target circRNAs and mRNAs (J).
[image: Figure 8]FIGURE 8 | LEFTY2 is one of the target genes of hsa-miR-1291 (A,B). The expression level of LEFTY2 was down-regulated in HF mouse tissues (C–E). The expression level of LEFTY2 was increased in AAV2/8-mmu_circ_0006288-treated HF mice (F–H). When hsa-miRNA-1291 expression was increased or decreased, LEFTY2 expression level was down-regulated or up-regulated (I–N).
DISCUSSION
CircRNA-seq showed that circCREBBP was significantly down-regulated in HF mice compared with the vector. CIRCREBBP continued to decline in patients with heart failure compared to healthy controls. Dysregulation of circCREBBP in patients with heart failure prompted us to investigate the functional role of circCREBBP (Jimenez-Castro et al., 2015). First, we identified the characteristics and stability of circCREBBP, which is derived from the CREBBP gene and is involved in the development of target protein 41 through specific ubiquitination and subsequent proteolysis. CREBBP is mutated and lost in human cancers and plays a tumor suppressor role in pathophysiological processes (Jia et al., 2018; Menke et al., 2018). In this study, the overexpression of circCREBBP significantly inhibited HSCs activation, reduced the transdifferentiation of myofibroblasts, alleviated hepatic fibrosis injury, reduced collagen deposition, and inhibited the expression of fibrosis factors. Taken together, these findings suggest that circCREBBP has an anti-fibrosis effect in HF, and that circCREBBP could be a potential biomarker for the treatment of HF.
CircRNAs containing multiple miRNA binding sites or miRNA response elements 15 act as miRNA sponges (Liu et al., 2019; Wang et al., 2020). Based on miRNA-mediated mRNA cleavage, circRNAs essentially regulate the expression of target genes. To evaluate miRNA candidate genes that may be associated with circCREBBP and associated with HF, we selected miRNAs targeted by circCREBBP that are malregulated in the development of liver fibrosis. Mechanically, circCREBBP plays a regulatory role by secreting miRNAs. Increased expression of hsa-miRNA-1291 has been reported to be associated with liver cancer and chronic hepatitis 42. In particular, we confirmed that hsa-miRNA-1291 expression is increased during liver fibrosis and that the expression pattern of hsa-miRNA-1291 is contrary to circCREBBP. In addition, the overexpression of circCREBBP directly reduced the level of hsa-miRNA-1291 in HSC. In addition, we confirmed that hSA-miRNA-1291 was bound to the 3′UTR of LEFTY2, and the expression of LEFTY2 was decreased and increased in liver fibrosis after the overexpression of circCREBBP. However, after increasing the level of hsa-miRNA-1291, the effect of circCREBBP on LEFTY2 was partially eliminated.
In conclusion, this study reveals a novel regulatory axis of circCREBBP/hsa-miRNA-1291/LEFTY2 in HF. We investigated the expression pattern, function and mechanism of circCREBBP in heart failure. We further confirmed the expression of circCREBBP in the fading stage of HF, but its mechanism remains unclear and needs further verification. In addition, circCREBBP provides a platform for candidate miRNA genes associated with liver or fibrosis, and the role of circCREBBP in the ceRNA mechanism remains to be studied.
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Long non-coding RNAs (lncRNAs) can potentially regulate all aspects of cellular activity including differentiation and development, metabolism, proliferation, apoptosis, and activation, and benefited from advances in transcriptomic and genomic research techniques and database management technologies, its functions and mechanisms in physiological and pathological states have been widely reported. Liver fibrosis is typically characterized by a reversible wound healing response, often accompanied by an excessive accumulation of extracellular matrix. In recent years, a range of lncRNAs have been investigated and found to be involved in several cellular-level regulatory processes as competing endogenous RNAs (ceRNAs) that play an important role in the development of liver fibrosis. A variety of lncRNAs have also been shown to contribute to the altered cell cycle, proliferation profile associated with the accelerated development of liver fibrosis. This review aims to discuss the functions and mechanisms of lncRNAs in the development and regression of liver fibrosis, to explore the major lncRNAs involved in the signaling pathways regulating liver fibrosis, to elucidate the mechanisms mediated by lncRNA dysregulation and to provide new diagnostic and therapeutic strategies for liver fibrosis.
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1 INTRODUCTION
1.1 Overview of Liver Fibrosis
As a globally important public health problem, liver fibrosis is typically characterized by a reversible wound healing response and an accompanying imbalance between increased synthesis and deposition and decreased degradation of extracellular matrix (ECM), resulting in programmed overaccumulation of ECM components (Nudelman et al., 1998; Aydin and Akcali, 2018). Numerous epidemiological studies have revealed the etiological role of various chronic liver diseases and associated liver injury-healing reactions in liver fibrosis, such as hepatitis (non-alcoholic steatohepatitis (NASH), hepatitis B and C and so on) and biliary obstruction, which are closely associated with its progression (Parola and Pinzani, 2019). Mechanistic studies at the cellular level suggest that hepatic stellate cells (HSCs) located in the Disse space between hepatic sinusoidal endothelial cells and hepatic epithelial cells and maintaining a close interaction with both are the main sites for the production of ECM components (Geerts, 2001; Khomich et al., 2019), and furthermore, numerous studies have revealed that their intracellular lipid droplets, which are specific organelles for hepatic retinoic acid storage (Blaner et al., 2009; Elpek, 2014), could lead to liver disease disorders through efflux, depletion, and loss. undesirable progression (Yin et al., 2013; Ray, 2014; Krizhanovsky et al., 2008). Thus, studies on the activation mechanisms of hematopoietic stem cells are of great concern in proposing new therapies against hepatic fibrosis and in improving the original strategies (Figure 1).
[image: Figure 1]FIGURE 1 | Pathogenesis of liver fibrosis. The release of damage-related patterns (DAMPs). and apoptotic bodies can be induced by chronic hepatocyte injury, which activates hematopoietic stem cells and recruits immune cells. Moreover, the complex multidirectional interaction between activated hematopoietic stem cells and Kupffer cells and innate immune cells promotes transformation and differentiation into proliferation and ECM to generate myofibroblasts.
1.2 Overview of LncRNAs
In recent years, numerous non-coding RNAs (ncRNAs) molecules have been identified benefiting from the application of RNA microarrays and next-generation transcriptome sequencing technologies, enabling humans to deepen their understanding of the pathophysiology of multiple diseases from a new perspective (Consortium et al., 2007). ncRNAs are well known for not encoding proteins at the RNA level but can perform as key regulators of multiple regulatory gene expression as well as cellular signaling pathways (Heo et al., 2019). NcRNAs are categorized according to their relative size into two types: small or short non-coding RNAs (miRNAs) of less than 200 nucleotides (nt) and long non-coding RNAs (lncRNAs) of greater than 200 nucleotides (Riaz and Li, 2019). The most prominently researched endogenous small ncRNAs, known as miRNAs, mainly regulate the post-transcriptional levels of target genes by binding to the 3′ untranslated region (3′ UTR) of mRNAs, thus playing an important role in regulating the cell growth cycle as well as the expression of specific cell differentiation and cell death-related genes, lipid metabolism, and inflammatory responses. miRNAs have shown association with various liver diseases including liver fibrosis (Zhang CY. et al., 2016; Lan et al., 2018; Zhao et al., 2019).
As a novel ncRNAs, lncRNAs are predominantly transcribed by RNA polymerase II and exhibit multiple functions at the molecular level (Figure 2) (Ma et al., 2016b), the lncRNAs are classified according to their relative position on the chromosome to the coding gene as: 1. antisense lncRNAs, 2. intronic lncRNAs, 3. divergent lncRNAs, 4. intergenic lncRNAs, 5. promoter upstream lncRNAs, 6. promter-associated lncRNAs, 7. transcription start site-associated lncRNAs. LncRNAs regulate the expression of different genes based on their different cellular locations in multiple molecular mechanistic pathways including chromatin modification, transcriptional regulation, and post-transcriptional regulation (Zhang et al., 2014; Kopp and Mendell, 2018).
[image: Figure 2]FIGURE 2 | The function and regulation mechanism of lncRNA. (1): In the nucleus, lncRNA could inhibit and/or activate gene expression by transferring chromatin modifiers and various transcriptional regulators into DNA. In addition, target gene activation could be further enhanced by lncRNA. They can also induce proteins to move away from specific DNA locations and pass as molecular decoys. (2): In the cytoplasm, lncRNA could bring two or more proteins into a complex by acting as a scaffold. In addition, they could regulate other transcripts or proteins by acting as sponges and protein templates, or regulating mRNA degradation and translation.
1.2.1 LncRNA Regulates DNA Methylation Modifications
Tsix inhibits Xist transcription by recruiting CTCF to the Xist promoter region, while JPx inhibits CTCF transcriptional repression of Xist by binding CTCC (CCCTC-binding factor); Khps1a participates in the T-DMR (tissue-dependent) region demethylation of Sphk1 by an unknown mechanism; Dum cis-recruits DNMT1, DNMT3A, DNMT3B, and etc. to the promoter region of the neighboring gene Dppa2. differentially methylated region) of Sphk1; Dum cis-recruits DNMT1, DNMT3A and DNMT3B to the promoter region of the neighboring gene Dppa2 and causes silencing of methylation in this region, thereby suppressing Dppa2 expression and leading to differentiation of skeletal muscle myogenic cells into myoblasts (Guttman et al., 2011; Bian et al., 2019; He et al., 2020).
1.2.2 LncRNAs Are Involved in Pre-transcriptional Regulation
Xist (X chromosome inactivation specific transcript) and RepA (transcript of the adenine repeat region at the 5′ end of the Xist gene) synergistically wrap the X chromosome and recruit PRC2 to establish H3K27me3 to cause X chromosome inactivation; Bxd (Bithoraxoid) binds to ubx-TRE (Ubx cis-regulatory trithorax response elements) and recruits ASH1 to activate Ubx transcription; HOTAIR regulates the expression of the HoxD gene cluster in trans by interacting with two histone modification complexes: catalytic PRC2 complex established by H3K27me3, and the LSD1-CoREST-REST complex catalyzing H3K4me2/3 erasure (lysine-specific demethylase1-RE1-Silencing Transcription factor corepressor 1-RE1 -Silencing Transcription factor complex); HOTTIP (HoxA transcript at the distal tip) recruits MLL (Mixed lineage) via WDR5 (WD repeat-containing protein 5) leukemia) to the 5′ region of the HoxA gene cluster, which catalyzes the establishment of H3K4me3 and activates the expression of genes such as Hoxa11 and Hoxa13 in cis; Mira can form a DNA/RNA heterodimer with its locus and recruit MLL1, a member of the TrxG complex, which catalyzes the establishment of H3K4me3 and activates adjacent genes Hoxa6 and Hoxa7 expression, leading to differentiation of mES to the germline; Evf2 acts as a coactivator of DLX2 at high concentrations, enhancing Dlx5/6 enhancer activity and activating Dlx5 and Dlx6 transcription, while at low concentrations it can cis-suppress Dlx6 transcription through its Dlx6 antisense property, by recruiting MECP2, and thus HDAC Dlx5; asOct4-pg5 can recruit histone methyltransferases such as EZH2 and G9a to bind to the promoter regions of Oct4 and Oct4-pg5, establishing repressive chromatin modifications such as H3K27me3 and H3K9me3, which in turn repress transcription of Oct4 and Oct4-pg5, and when as Oct4-pg5 is combined with PURA (purine rich element binding protein A) and NCL (nucleolin), the ability to recruit EZH2 and G9a is lost and the repressive function is lost; the nascent ANRIL (antisense noncoding RNA in the INK4 locus) binds to CBX7 and ANRIL binds to CBX7 and promotes heterochromatin formation, while the formed ANRIL-CBX7 complex unbinds CBX7 to H3K27me3, leaving transcriptional repression in a dynamic state of flux. ANRIL recruits PRC2, allowing the INK4β/INK4α/ARF gene cluster to establish repressive modifications such as H3K27me3. ANRIL binds to SUZ12 and cis-represses INK4β transcription; DBE-T cis-recruits Ash1L to the 4q35 region, catalyzing the establishment of activating chromatin modifications such as H3K36me2, which activates gene transcription in the 4q35 region, ultimately leading to FSHD (facioscapulohumeral muscular dystrophy) disease (Guttman et al., 2011; Kopp and Mendell, 2018; Riaz and Li, 2019).
1.2.3 LncRNAs Are Involved in Transcriptional Regulation
Xite and DXPas34 regulate Tsix expression in cis with enhancer activity; transcription of SER3 gene biosynthesis-associated 3-phosphoglycerate dehydrogenase in the biosynthesis of serine is regulated by lncRNA SRG1 (SER3 regulatory gene 1); Pwr1 interferes with the transcription of Icr1; Icr1 interferes with the transcription of Fol11; DHFRtinc interferes with the transcription of DHFR; Airn interferes with the transcription of Igf2r; Gas5 inhibits the binding of activated GR to target genes (Zhang et al., 2014; Ma et al., 2016b).
1.2.4 LncRNAs Are Involved in Post-transcriptional Regulation
Malat1 regulates variable shear of Cat1 pre-mRNA; Zeb2-anti is involved in variable shear of Zed2; PTENpg1 asRNA β promotes PTENpg1 exit from the nucleus; Neat1 promotes retention of mRNA with IRAlus structure in the 3′ UTR region within paraspeckles; BACE1-AS increases BACE1 stability; MDRL as ceRNA promotes pri-miR484 maturation (Bian et al., 2019; He et al., 2020).
It has been reported that lncRNAs are usually involved in the progression of human-related diseases by such ways as being deregulated (Guttman et al., 2011; He et al., 2020), and some studies have shown that lncRNAs are involved in the key process of liver fibrosis by acting as regulators of HSC activation (Wang et al., 2014; Bian et al., 2019). Even though we can observe an impressive amount of literature suggesting an important role of lncRNAs in the liver fibrosis process, it is undeniable that the detailed mechanisms of lncRNAs in liver fibrosis remain unclear until now. In this review, we aim to provide a review of the latest developments in lncRNAs research, elaborate on the interactions between lncRNAs and miRNAs, and further evaluate the potential of lncRNAs as new therapeutic targets in liver fibrosis.
2 THE REGULATORY ROLE OF LNCRNAS IN LIVER FIBROSIS
The distribution of lncRNAs in liver fibrosis has been detected by the latest high-throughput methods such as next-generation sequencing and microarrays (Zheng et al., 2015; Xiong et al., 2016), and the pleiotropic nature of lncRNAs has been demonstrated in the activation and apoptosis of HSCs and the progression of multiple liver fibrosis by interacting with molecules such as miRNAs, specific structural domains, and proteins to regulate key genes in liver fibrosis, thus exerting their potential (Bu et al., 2020). In this paper, we review the role of lncRNAs in liver fibrosis and their potential mechanisms in the development of liver fibrosis. Table 1 provides a summary of the expression patterns, functional roles, and regulatory mechanisms of lncRNAs.
TABLE 1 | The expression of lncRNA in liver fibrosis.
[image: Table 1]2.1 LncRNAs Involved in the Promotion of Liver Fibrosis
2.1.1 LncRNA HULC
Panzitt et al. identified for the first time the highly up-regulated hepatocellular carcinoma LncRNA (HULC) of approximately 500 nucleotides containing two exons located on chromosome 6p24.3 as the most highly expressed lncRNA in human hepatocellular carcinoma, whose transcribed RNA does not have a considerable open reading frame nor does it produce any protein (Panzitt et al., 2007). The HULC promoter and its first exon are in a long terminal repeat sequence (LTR) retrotransposon-like sequence (Kapusta et al., 2013). The upregulation trend of HULC can be observed in all accessible studies on hepatocellular carcinoma (HCC) (Chen et al., 2017; Xin et al., 2018; Ghafouri-Fard et al., 2020b). Several literatures have reported that HULC is upregulated in cancer and is regulated as an oncogene lncRNA in tumorigenesis and progression (Kitagawa et al., 2013; Parasramka et al., 2016). Considering its high expression in HCC cells, previous studies have also shown the potential of HULC as a novel antitumor therapeutic agent (Klec et al., 2019). cAMP response element binding protein (CREB) is usually bound to and activated by the target promoter (Mayr and Montminy, 2001; Kong et al., 2016), and Wang et al. demonstrated the presence of CREB binding sites in the HULC promoter region and the ability to further activate the HULC promoter (Wang et al., 2010), which can affect the expression of HULC at the transcriptional level (Shen X. et al., 2019). Shen et al. revealed the role of lncRNA HULC in the progression of liver fibrosis in rats with nonalcoholic fatty liver disease (NFALD) and that inhibition of HULC suppressed steatosis. The degree of hepatic steatosis, inflammation, hepatocyte red lipid vesicles and apoptosis were also significantly reduced with the knockdown of HULC gene. Inhibition of HULC significantly reduced liver fibrosis scores and liver fibrosis indices (HA, LN, PC III, and IV-C) (Shen X. et al., 2019). Inhibition of HULC improved liver fibrosis and reduced hepatocyte apoptosis in NAFLD rats. In general, the above findings not only provide valuable candidate molecular markers for liver fibrosis and indicators of advanced liver fibrosis but also provide new insights into the role of lncRNA in the biology of cancer.
2.1.2 LncRNA Nuclear Paraspeckle Assembly Transcript 1
Nuclear paraspeckle assembly transcript 1 (NEAT1) was characterized as an unusual RNA polymerase II transcript that lacks introns and accompanied by non-canonical processing of the non-polyadenylated 3′-end by RNase P (Ding et al., 2019). NEAT1 was found to be upregulated in gastric adenocarcinoma and human laryngeal squamous cell carcinoma (Ma et al., 2016a; Wang et al., 2016), which suggested that it promotes tumor development by promoting cell proliferation and survival as well as inhibiting apoptosis (Choudhry et al., 2015). A similar situation has been observed in hepatocellular carcinoma (Guo et al., 2015). Yu et al. examined NEAT1 expression in cCl4-induced mice. qRT-PCR analysis showed increased expression of NEAT1 in CCl4-treated livers compared to control livers, and a significant increase in NEAT1 expression in HSCs was also observed during different weeks of CCl4 treatment (Yu et al., 2017b), Huang et al. screened the aberrantly expressed microRNAs in the CCl4-induced mouse liver fibrosis model by analyzing the GSE77271 microRNA microarray based on the Agilent-046065 mouse miRNA V19.0 platform. Neat1 simultaneously targeted miR-148a-3p and miR-22-3p, and showed the most significant increase in liver fibrosis mice that displayed the most marked increase in expression upregulation, and its expression in the CCl4 group exceeded 2-fold that of the control group (Huang et al., 2021), and inhibition of NEAT1 was observed to reverse isotropic liver fibrosis with concomitant reduction in α-SMA and type I collagen content, which was further confirmed by NEAT1 knockdown assays and NEAT1 overexpression assays (Yu et al., 2017b). A similar situation was confirmed in the alcoholic steatohepatitis (ASH) assay by Ye et al. (Ye et al., 2020). Inhibition of NEAT1 suppressed ethanol-stimulated elevated lipid metabolism and inhibited inflammatory responses in AML-12 cells. More importantly, inhibition of NEAT1 upregulated ethanol-induced hepatic function in ASH mice and inhibited lipid, inflammatory responses, hepatocyte apoptosis, and hepatic fibrosis, demonstrating that knockdown of NEAT1 inhibited hepatic fibrosis in ASH mice and thus slowed down the development of ASH (Ye et al., 2020). Related mechanistic studies suggest that Kruppel-like factor 6 (KLF6), as an important pro-fibrotic gene, is involved in the regulation of liver fibrosis by NEAT1 (Yu et al., 2017b), and that NEAT1 overexpression induces KLF6 mRNA and protein expression. However, it is of interest that KLF6 knockdown experiments showed NEAT1-induced proliferation of HSC, while KLF6 siRNA blocked NEAT1-induced α- SMA and type I collagen production, suggesting that NEAT1 could mediate HSC activation through KLF6 (Yu et al., 2017b). Huang et al. suggested that NEAT1 knockdown could inhibit the process of liver fibrosis and HSCs activation by regulating the expression of a cellular adhesion element 3 (Cyth3) associated with allosteric insulin signaling in mammals (Jux et al., 2019; Huang et al., 2021). And Ye et al. further identified that downregulation of NEAT1 could limit the inflammatory response and liver fibrosis in ASH mice by reducing suppressor of cytokine signaling 2 (SOCS2) (Ye et al., 2020), which is a feedback inhibitor of the growth hormone/insulin-like growth factor axis (Monti-Rocha et al., 2018).
2.1.3 LncRNA Small Nucleolar RNA Host Gene 7
It was first reported by Chaudhry in 2013 that a new full-length 2,176 bp oncogenic lncRNA, known as lncRNA small nucleolar rna host gene 7 (SNHG7), expressed in lymphoblastoid cell lines TK6 and WTK1 (Chaudhry, 2013), which is located on chromosome 9q34.3. Recent studies have shown a significant increase in its expression in tumor cells of digestive system, breast, and prostate (Wu F. et al., 2020; Wu X. et al., 2020), and further studies have demonstrated that SNHG7 is widely involved in the proliferation, invasion and migration of various tumor cells (Xia et al., 2020), including its regulation in the progression of HCC and liver fibrosis (Cui et al., 2017). Just as Xie et al. found increased expression of SNHG7 in primary HSC mice as well liver fibrosis, suggesting its regulation of HSC activation (Xie et al., 2021), and SNHG7 knockdown experiments showed decreased expression levels of α-SMA and Col. I (Xie et al., 2021), similarly SNHG7 inhibition was associated with reduced survival and proliferation rates in liver fibrosis mice. Current studies have identified several types of high confidence indicators of autophagy, such as the cytoplasmic form of LC3, a key protein in autophagosome formation (LC3-I), the active membrane-bound form of LC3 (LC3-II), and Beclin1 (Wirawan et al., 2012; Alirezaei et al., 2015; Dodson et al., 2017; Feng et al., 2017). Xie et al. revealed that knockdown of SNHG7 could reduce the decrease the expression level of Beclin1, LC3-II and LC3-I ratio, demonstrating the inhibitory effect of SNHG7 knockdown on HSC autophagy (Xie et al., 2021). DNMT3A induces a DNMT-regulated DNA ab initio methylation process, and DNA methylation/hydroxy methylation, a key step in HSC activation and liver fibrosis development, can be inhibited by activation of DNMT3A expression in HSCs (Garzon et al., 2009; Page et al., 2016). Several recent mechanistic studies suggest that SNHG7 knockdown is significantly associated with low expression levels of DNMT3A. These results confirm the relationship between SNHG7 and DNMT3A, which are novel regulators of HSC activation, autophagy, and proliferation in liver fibrosis (Xie et al., 2021). Yu et al. identified a positive correlation between SNHG7 levels and type I collagen mRNA levels in patients with cirrhosis (Yu et al., 2017b). In addition, SNHG7 showed a significant association in regulating activated HSCs proliferation and the cell cycle associated with increased G0/G1 phase cells and decreased S phase cells. SNHG7 knockdown experiments performed in activated HSCs inhibited type I collagen expression (Yu et al., 2017b), as well as collagen deposition and hydroxyproline due to carbon tetrachloride were similarly blocked by silencing of SNHG7 in vivo, suggesting that inhibition of liver fibrosis can be mediated by downregulation of SNHG7 (Yu et al., 2017b). Furthermore, Yu et al. demonstrated at the mechanistic level the role of SNHG7 in regulating the expression level of irregular fragment polarity protein 2 (DVL2) (Yu et al., 2017b; Nielsen et al., 2019), which was positively correlated with DVL2, the deletion of which also blocked its effect on HSCs activation (Yu et al., 2017b). In conclusion, all these data suggest that SNHG7 is an impressive possible therapeutic target and a potential diagnostic marker for liver fibrosis.
2.1.4 LncRNA H19
LncRNA H19 is expressed only by the maternal allele 11p15.5, which can encode 2.3 kb RNA and is transcribed by RNA polymerase II (Gabory et al., 2006), splicing and polyadenylation (Ghafouri-Fard et al., 2020a). It is exported from the nucleus to the cytoplasm, adjacent to the insulin-like growth factor 2 (IGF2) gene, and they are expressed from the maternal and paternal genetic chromosomes, respectively (Raveh et al., 2015; Wang J. et al., 2020). H19 RNA molecules have now been observed to be present in the cytoplasm at much higher levels than in the nucleus. H19 plays an essential role in biological processes such as apoptosis, angiogenesis, inflammation and cell death through regulatory RNA or ribosomal regulators (Yoshimura et al., 2018). This includes the regulation of proliferation, invasion, and metastasis processes in a variety of tumors of the digestive system (Zhou et al., 2017; Wei LQ. et al., 2019). Multiple complex mechanisms have been demonstrated in different cancers (Zhang D. M. et al., 2017; Zhou et al., 2017). Of interest is the upregulation of the level of intracellular transcripts (Zhu et al., 2019) and extracellular exosomes (Li X. et al., 2018), known as lncRNA-H19, observed in activated HSCs, which is thought to be associated with HSCs-activated metabolic processes like lipid (Liu et al., 2018) and cholesterol metabolism (Xiao et al., 2019). Previous research concluded that the level of fibrosis in the liver was positively correlated with the level of H19, and that H19 knockdown attenuated Bcl-2-induced liver injury (Zhang Y. et al., 2016), while conversely H19 overexpression significantly exacerbated the process of HSCs and EMT activation in hepatocytes (Zhu et al., 2019). Song et al. demonstrated the overexpression of H19 in bile duct ligation (BDL)-induced liver fibrosis with abnormal liver function parameters (Song et al., 2017), and identified a new downstream target gene of ZEB1, called EpCAM (Song et al., 2017), which promotes cholestatic liver fibrosis by interacting with the ZEB1 protein to prevent its binding to the EpCAM promoter and thus the inhibitory effect of ZEB1 (Song et al., 2017). Liu et al. reported that cholangiocyte-derived exosomal H19 promotes cholestatic liver injury in Mdr2−/− mice and promotes HSCs transdifferentiation and activation, along with upregulation of fibrotic gene expression in HSCs-derived fibroblasts (Liu et al., 2019). Wang et al. discovered that H19 can promote RARα and RXRβ mRNA and protein synthesis (Wang ZM. et al., 2020), and its reduced expression reversed the extent of HSCs activation induced due to increased retinoic acid signaling. Meanwhile, it should be mentioned that H19 knockdown-mediated HSCs inactivation was inhibited by the activation of retinoic acid signaling. Furthermore, they demonstrated that H19 enhancement was positively associated with a synergistic increase in retinoic acid metabolism during HSCs activation (Wang ZM. et al., 2020). More significantly, they confirmed that inhibition of ethanol dehydrogenase III (ADH3) completely abolished the effect of H19-mediated retinoic acid signaling, and that dihydroartemisinin (DHA), a natural inhibitor of H19, reduced both H19 and ADH3 expression and thus inhibited HSC activation (Wang ZM. et al., 2020). Taken together, these results reveal some of the molecular mechanisms underlying the increase in retinoic acid signaling during HSCs activation and suggest that the lncRNA-H19/ADH3 pathway is a potential target for the treatment of liver fibrosis. Similarly, H19 expression levels were increased in CCl4-induced fibrotic liver thereby activating HSCs (Wang Z. et al., 2020). Further studies revealed the role of hypoxia-inducible factor-1α (HIF-1α) in promoting H19 expression by binding to the H19 promoter at two hypoxia response element (HRE) sites located at 492–499 and 515–522 bp (Wang Z. et al., 2020). H19 knockdown experiments also resulted in significant inhibition of HSC activation and attenuated liver fibrosis, suggesting that lncRNAH19 may be a potential target for antifibrotic therapeutic approaches. Moreover, the H19 silencing assay reduced the degree of lipid oxidation and the H19 knockdown assay restored the levels of lipid droplets, triglycerides, cholesteryl esters and retinyl esters in HSCs without changes in lipid uptake and synthesis (Wang Z. et al., 2020). In conclusion, as described above, the results highlight the role of H19 in the proliferation, activation and metabolism of lipid droplets in HSCs and reveal its feasibility as a new molecular target to attenuate liver fibrosis.
2.1.5 LncRNA Metastasis-Associated Lung Adenocarcinoma Transcript1
Ji et al. characterized a metastasis-associated lung adenocarcinoma transcript (MALAT1) transcribed by RNA polymerase II located on human chromosome 11q13 and mouse chromosome 19qA (Zhang et al., 2012; Wilusz, 2016), which is widely known for its properties in predicting early NSCLC metastasis and survival (Ji et al., 2003), the major transcript of MALAT1 is approximately mid-8 kb in humans and 6.7 kb in mice (Wilusz et al., 2008). MALAT1-associated small cytoplasmic RNA (mascRNA) is a larger fragment of approximately 6.7 kb and a smaller fragment of 61 nucleotides produced by the action of ribonuclease P and ribonuclease Z on MALAT1 (Brown et al., 2014), while the larger fragment or mature transcript is highly stable due to a unique triple-helix structure at the 3′ end that protects it from nucleic acid exonucleases (Zhang et al., 2012). The highly conserved and widespread expression of MALAT1 in mammalian tissues and cancers implies its functional importance; MALAT-1 dysregulation in a variety of cancers has been extensively studied. In most cases, it functions as a promoting role in the development of different types of tumors (Kim et al., 2018; Feng et al., 2019). MALAT1 upregulation is closely associated with the development of cancers such as lung (Wei S. et al., 2019), glioblastoma (Voce et al., 2019), esophageal squamous cell carcinoma (Chen M. et al., 2018), renal cell carcinoma (Zhang H. et al., 2019), colorectal cancer (Zhang H. et al., 2019; Xie et al., 2019), osteosarcoma (Chen Y. et al., 2018), multiple myeloma (Amodio et al., 2018), gastric cancer (Zhang YF. et al., 2020), gallbladder cancer (Lin et al., 2019), and other cancers (Tian and Xu, 2015), as well as other clinicopathological features including tumor location, tumor size, differentiation and tumor stage (Goyal et al., 2021). Numerous studies have shown that as a biomarker for tumor diagnosis and prognosis, the abnormal expression of MALAT1 in tumor tissues and/or body fluids is highly indicative (Leti et al., 2017; Peng et al., 2018). In a physical and functional interaction study with the liver fibrosis process, Yu et al. found that MALAT1 expression was significantly upregulated in fibrotic liver tissues and simultaneously activated HSCs (Yu et al., 2015a), while silencing MALAT1 suppressed the mRNA levels of α-SMA and Col.I and downregulated the protein levels of α-SMA and collagen type I in HSC respectively (Yu et al., 2015a). Sirius red staining of collagen in mouse liver tissue resulted in the observation that mice transduced by silencing MALAT1 showed a 54% downregulation of collagen accumulation compared to CCl4-treated mice (Yu et al., 2015a), reflecting the role of MALAT1 in accelerating the progression of liver fibrosis in vivo. Dai et al. used arsenite treatment of L-02 cells as well as co-culture of LX-2 cells and found that MALAT1 expression levels increased as well as co-culture promoting activation of LX-2 cells (Dai et al., 2019). They further discovered that MALAT1 levels were increased in exosomes of arsenite-treated L-02 cells and LX-2 cells exposed to exosomes from arsenite-treated L-02 cells (Dai et al., 2019), and these exosomes also promoted LX-2 cell activation; blocking MALAT1 expression simultaneously inhibited these changes, thus suggesting a mechanism by which MALAT1 induces LX-2 cell activation via exosomes. Silent information regulator 1 (SIRT1), as a member of the mammalian sirtuin family of proteins (SIRT1-SIRT7) (Dai et al., 2019), is homologous to the yeast Sir2 protein, and SIRT1 is involved in a variety of biological processes and exhibits multiple physiological functions through the deacetylation of many non-histone proteins (Houtkooper et al., 2012). Wu et al. verified the important role of SIRT1 in hepatic stellate cell activation and reversal and its overexpression counteracting TGF-β1-induced LX-2 cell activation (Wu et al., 2015), suggesting its potential as an alternative for the treatment of liver fibrosis. Further studies found that the evolutionarily highly conserved MALAT1 has a strong tendency to interact with SIRT1 (discriminatory power 100%) (Wu et al., 2015), which was verified in CCL4-treated mice and LX-2 cells exposed to TGF-β1, considering that the expression level of MALAT1 mRNA was significantly upregulated and accompanied by negative changes in SIRT1 protein (Wu et al., 2015). MALAT1 silencing assay yielded results that eliminated the TGF-β1-induced upregulation of myofibroblast markers and the downregulation of SIRT1 protein. These phenomena suggest a role for MALAT1 in mediating the expression as well as the function of SIRT1 in regulating liver fibrosis. In conclusion, these findings highlight the role of MALAT1 in liver fibrosis and suggest a mechanism for fibrosis development (Wu et al., 2015). However, future efforts should be devoted to elucidating other regulatory mechanisms and clinical implications of MALAT1 in liver fibrosis.
2.1.6 LncRNA HOXA Transcript at the Distal Tip
HOXA transcript at the distal tip (HOTTIP) is a functionally characterized lncRNA (Li et al., 2016). Wang et al. demonstrated that the HOTTIP gene is located at chromosomal locus 7p15.2 and encodes a 4665 bp transcript (Wang et al., 2011). Its function is to directly interact with the Trithorax protein WDR5 and induce open DNA chromatin conformation, target the WDR5/MLL complex and drive histone H3 lysine 4 trimethylation for transcriptional regulation of the 50-terminal HOXA locus gene (Wang et al., 2011). This suggests that HOTTIP is not only involved in developmental processes but also enhances the effect of this lncRNA as a cancer-associated lncRNA considering its role as a signaling transmitter from higher-order chromosome conformation to chromatin coding (Wang et al., 2011). Overall survival (OS), distant metastasis (DM), lymph node metastasis (LNM), and tumor staging of human tumors have been extensively studied and determined to be closely associated with HOTTIP expression, suggesting that HOTTIP expression may influence the prognosis and metastasis of several human cancers (Broerse and Crassini, 1984; Quagliata et al., 2014). The most representative case is the high HOTTIP expression in human HCC specimens (Quagliata et al., 2014) and its close correlation with clinical progression and disease outcome (Tsang et al., 2015). It is worth mentioning that HOTTIP has long been shown to be dysregulated in the early stages of hepatocellular carcinoma formation, and recent studies suggest a positive correlation between its expression and liver fibrosis progression (Yang et al., 2019; He et al., 2020). Zheng et al. verified the specific expression status of HOTTIP in liver fibrotic tissue and primary quiescent HSC (Zheng et al., 2019), and their qRT-PCR results showed a 22.6-fold increase in HOTTIP expression on day 10 compared to day 2 increased 22.6-fold, similar to the results from the group of oil-treated mice compared to the group of CCl4-treated mice suggesting a significant upregulation of HOTTIP expression in HSCs however this phenomenon was not observed in hepatocytes (Zheng et al., 2019). Furthermore, the mRNA and protein levels of α-SMA and Col. I was also found to be reduced by hot-end silencing but Edu incorporation assay demonstrated that hot-end downregulation inhibited the proliferation of activated HSCs. The above results suggest that HOTTIP downregulation could inhibit HSCs activation and proliferation. Related mechanistic studies suggest that HOTTIP is a target of miR-150 and is also recruited to Ago2-associated miRNPs (Zheng et al., 2019), possibly acting through miR-150 association. In addition, bioinformatics analysis and luciferase analysis of a series of experiments also confirmed the role of serum response factor (SRF) as a target of miR-150. They further demonstrated that the inhibition of HSCs activation was caused by an increase in SRF mRNA expression due to HOTTIP overexpression (Zheng et al., 2019). Li et al. revealed that HOTTIP expression was significantly upregulated in fibrotic and cirrhotic liver samples, with the highest in cirrhotic samples (Li Z. et al., 2018), and this was also found in liver fibrotic tissue, primary HSC and activated LX-2 cells. Inhibition of HOTTIP at the mRNA and protein levels was effective in reducing the expression of α- SMA and Col. I. They found that downregulation of HOTTIP attenuated CCl4-induced liver fibrosis in mice. In contrast, the relative survival of HSC in LX-2 cells and the mRNA and protein levels of α-SMA and Col. I were significantly reduced by HOTTIP knockdown (Li Z. et al., 2018). Li et al. proposed a possible mechanism to promote HSC activation, i.e., negative regulation of HOTTIP mediated by miR-148a, considering that TGFBR1 and TGFBR2 were identified as miR-148a novel targets in HSCs. TGFBR1 and TGFBR2 levels were increased by high levels of HOTTIP, which led to the progression of liver fibrosis (Li Z. et al., 2018). These results highlight the potential of the HOTTIP/miR-148a/TGFBR1/TGFBR2 axis as a potential marker and target in patients with liver fibrosis. In conclusion, HOTTIP promotes HSCs cell proliferation and activation suggesting its possible role as a fibrogenic gene in liver fibrosis and plays a key role as a prognostic marker and novel therapeutic target. However, these still need to be investigated further.
2.1.7 LncRNA Taurine Upregulated Gene 1
The 7,598 nucleotide lncRNA sequence localized on chromosome 22q12.2, also known as taurine upregulated gene 1 (TUG1), was initially identified in a genomic screen of taurine-treated mouse retinal cells (Young et al., 2005; Zhang et al., 2013). Functional studies in mice further demonstrated that knockdown of TUG1 inhibits retinal developmental processes (Khalil et al., 2009). Khalil et al. demonstrated by whole genome RNA immunoprecipitation analysis that approximately 20% of lncRNAs (including TUG1) with methyltransferase activity promote demethylation and trimethylation of lysine residue 27 of histone 3 (H3K27me3) in the target gene and inhibit its expression by binding to polyclonal repressor complex 2 (PRC2), which inhibits its expression (van Kruijsbergen et al., 2015). Besides other PRC2-associated lncRNAs involved in tumorigenesis and progression, TUG1 regulates the biological behavior and molecular mechanisms of different cancer cells, including cell proliferation, invasion, apoptosis, differentiation, migration, drug resistance, radiation resistance, angiogenesis, mitochondrial bioenergetics, epithelial-mesenchymal transition (EMT), and regulation of blood-tumor barrier permeability among other different cancer cell (Niland et al., 2012; Katsushima et al., 2016; Cai et al., 2017; Chiu et al., 2018). TUG1 is closely associated with the mediation of radio resistance and angiogenesis in hepatoblastoma (Dong et al., 2016). TUG1 has also been extensively studied in liver diseases such as cirrhosis and liver fibrosis. Zhang et al. demonstrated that TUG1 is highly expressed in liver sinusoidal endothelial cells (LSEC), and the results of TUG1 knockdown experiments revealed inhibition of the extent of expression of autophagy and EMT-related genes (Zhang R. et al., 2020). In contrast, knockdown of TUG1 eliminated the most significant increase in autophagy-related genes in LPS-treated LSEC under starvation. The increase in ATG5 expression while inhibition of ATG5 attenuated autophagy and EMT (Zhang R. et al., 2020). Han et al. demonstrated that TUG1 was overexpressed in liver samples from patients with CCl4 and BDL-induced liver fibrosis in vivo as well as cirrhosis and activated HSCs while promoting a degree of expression of SMA, Col1a1, Mmp2/9/10, and Timp1. The possibility that TUG1 accelerates the progression of liver fibrosis by promoting the expression of these pro-fibrotic genes through downregulation of miR-29b is mechanistically argued (Han et al., 2018). Collectively, these studies revealed the mechanisms of TUG1 play a crucial role in liver fibrosis, suggesting its ability to monitor human liver fibrosis and its potential to be a candidate biomarker for new therapeutic strategies.
2.2 LncRNAs Involved in the Inhibition of Liver Fibrosis
2.2.1 Long Intergenic Non-Coding RNA p21
LincRNA-p21 (long intergenic non-coding RNA p21) localized at human chromosome 6p21.2 situated approximately 15 kb upstream of the cell cycle regulatory gene p21/Cdkn1a and approximately 3.0 kb in length has been described as an inducer of p53-dependent apoptosis in mouse embryonic fibroblasts (Huarte et al., 2010). lincRNA-p21 is available in two types both containing an exon and an Alu isoforms with a reverse repeat element (Yoon et al., 2012a; Yoon et al., 2012b; Wilusz and Wilusz, 2012). Coordinates the degree of autoregulation and expression of its target transcripts by interacting with RNA-binding proteins, miRNA, and mRNA targets (Yoon et al., 2012a). As a transcriptional target of p53 it is involved in the p53 pathway, downregulating many p53 target genes and triggering the apoptotic process by physically interacting with the p53 repressor complex (Fatica and Bozzoni, 2014). lincRNA-p21 has also been reported to regulate gene expression by directing protein binding partners in chromatin localization and thus directly binding to target mRNAs to act as a translational repressor and thus by activating p21 in cis participate in the regulation of the G1/S checkpoint (Dimitrova et al., 2014). It is also noteworthy that it can feedback regulate p53 activity by regulating the interaction of p53, p300, and MDM2 (Wu et al., 2014; Tang et al., 2015), thus participating in different tumorigenesis including hepatocellular carcinoma (Jia et al., 2016). In terms of tumor invasion lincRNA-p21 overexpression can be inhibited by Notch pathway (Wang et al., 2017). Besides it plays a key regulatory role in DNA damage response, apoptosis, and cell proliferation among other different processes (Ozgur et al., 2013). Zheng et al. observed in animal experiments that lincRNA-p21 expression was downregulated in liver fibrosis (Zheng et al., 2015). lincRNA-p21 was negatively correlated with disease progression and HSCs activation status, while in vitro and in vivo distribution inhibited HSCs activation and reduced liver fibrosis progression. Notably the reversibility of the inhibitory effect of lincRNA-p21 was confirmed by the removal of lincRNA-p21 leading to classical morphological changes associated with HSCs activation. lincRNA-p21 was found by Zhang et al. to inhibit the cell cycle and proliferation of primary HSCs by enhancing p21 (Zheng et al., 2015), while Tu et al. found a significant increase in hepatocyte lincRNA-p21 expression during hepatic fibrosis (Tu et al., 2017). These suggest that lincRNA-p21 contributes to a positive role in hepatocyte apoptosis and inhibition of hepatocyte growth in fibrotic livers. Knockdown of hepatocyte lincRNA-p21 attenuated CCl4-induced hepatocyte apoptosis thereby reducing CCl4-induced inflammatory cell infiltration and secretion levels of pro-inflammatory and pro-fibrotic cytokines in the fibrotic liver. Mechanistic studies have shown that inhibition of miR-30 impairs the effect of lincRNA-p21 in the development of liver fibrosis (Tu et al., 2017). lincRNA-p21/miR-30 axis has been highlighted as a potential marker and target for patients with liver fibrosis. Yang et al. found that lincRNA-p21 overexpression promotes hepatocyte apoptosis, but its results can be blocked by thymosin β4 (Tβ4) blocked, and additionally Tβ4 reversed lincRNA-p21- induced cleavage of caspase-3 and caspase-9 levels (Tu et al., 2017). LincRNA-p21 overexpression increases the levels of fibrosis-associated proteins (type I collagen, α- SMA, and TIMP-1) and induces hydroxyproline and ALT production leading to pathological damage of liver tissue and progression of fibrosis. The potential utility of lincRNA-p21 in predicting cirrhosis is supported by the results of downregulation of serum lincRNA-p21 levels in cirrhotic patients (Yang L. et al., 2020). Yu et al. reported a decrease in serum lincRNA-p21 levels in patients with chronic hepatitis B that negatively correlated with the stage of liver fibrosis, thus revealing its diagnostic value (Yu et al., 2017c). There was also a negative correlation between serum lincRNA-p21 levels and markers of liver fibrosis (including α-SMA and Col. I) but not in markers of viral replication, liver inflammatory activity and liver function. The primary HSC culture results suggested that the deletion of lincRNA-p21 expression was associated with promoter methylation, and these conditions implied the potential of serum lincRNA-p21 as a potential biomarker of liver fibrosis in patients with chronic hepatitis B/cirrhosis. Promoter methylation may be involved in the downregulation of lincRNA-p21 in liver fibrosis (Yu et al., 2017c). Collectively, these findings demonstrate the ability of lincRNA-p21 to act as a mediator of HSCs activation and proliferation, suggesting its potential as a new therapeutic target for liver fibrosis.
2.2.2 LncRNA Maternally Expressed Gene 3
The maternally expressed gene 3 (MEG3), located within the human chromosome 14q32.3 DLK1-MEG3 locus (Wylie et al., 2000), is 35 kb in size consisting of 10 exons (Zhou et al., 2012) and encodes an approximately 1.6 kb long non-coding RNA as a contained 10 exons (Zhang et al., 2010). Selectively spliced transcripts of Gtl2 (gene trap site 2 (Gtl2) is the mouse homolog of human MEG3) extend to contain intron-encoded C/D box SNORNAs and miRNAs, suggesting that Gtl2 may function as a host gene for these small RNAs (Cavaille et al., 2002; Lin et al., 2003; Tierling et al., 2006). MEG3 can be observed in unimprinted embryonic cells to silence genes involved in neurogenesis by regulating the chromatin targeting of multicomb proteins and plays an important role in neuronal development (Mercer et al., 2008; Kaneko et al., 2014; Mondal et al., 2015). Recent studies have suggested that MEG3 may act as a tumor suppressor considering the extent to which its loss of expression in several cancers is associated with inhibition of cell proliferation (Ghafouri-Fard and Taheri, 2019). Yu et al. showed that the process of liver fibrosis is accompanied by a decrease in MEG3 in vivo and in vitro and that restoration of MEG3 expression inhibits liver fibrosis while reducing α-SMA and type I collagen production (Yu et al., 2018). MEG3 overexpression inhibits HSC activation through EMT and is associated with E-calcium activation. The Hedgehog (Hh) pathway is one of the pathways involved in HSC activation by MEG3 as an EMT process. Smoothing (SMO) plays an important role in the Hh pathway. Bioinformatics analysis, RNA immunoprecipitation and deletion mapping results suggest that the interaction between MEG3 and SMO is involved in EMT repression caused by MEG3 overexpression (Yu et al., 2018). Gene expression in the DLK1-MEG3 region is controlled by two differentially methylated regions (DMRs) consisting of multiple methylated CpG sites located approximately 13 kb upstream of the MEG3 transcription start site intergenic DMR (IG-DMR) and overlaps with a 1.5-kb upstream promoter in the post-fertilization-derived secondary (MEG3-DMR) (Murphy et al., 2003), indicating the important role that DNA methylation plays in silencing the MGE3 gene (Anwar et al., 2012). The most widely studied epigenetic modification, DNA methylation and its relevance to the pathogenesis of liver fibrosis have been well established experimentally (Benetatos et al., 2008; Li et al., 2010), and previous studies have suggested a role for DNA methylation in the deletion of MEG3 expression in tumors (Zhao et al., 2005; Benetatos et al., 2008). He et al. revealed that MEG3 levels were significantly reduced in CCl4-induced liver fibrosis in mice and humans, while MSP was significantly reduced in CCl4-treated mouse liver tissue and human liver fibrosis tissue and TGF-β1-treated LX-2 cells where MEG3 promoter methylation was observed (He et al., 2014). The effect of 5-azadC to block MEG3 methylation could be achieved by the methylation inhibitor 5-azadC significantly eliminating TGF-β1-induced aberrant MEG3 hypermethylation and restoring MEG3 in TGF-β1-treated LX-2 cells thereby inhibiting HSC activation and proliferation expression illustration (He et al., 2014). The inhibition of activation and the degree of proliferation of LX-2 cells and the reversal of methylation of the MEG3 promoter were both closely associated with the deletion of DNMT1 thereby restoring MEG3 expression. While 5-azadC treatment or knockdown of DNMT1 downregulated mRNA and protein production of α-SMA and Col. I in TGF-β1-treated LX-2 cells, overexpression of MEG3 was detected in TGF-β1-treated LX-2 cells (He et al., 2014), which significantly activated p53 protein levels and induced a Bax/Bcl-2 ratio accompanied by a significant increase in cytoplasmic cytochrome c significantly increased. These suggest that the p53-dependent mitochondrial apoptotic pathway is partially involved in the MEG3-induced apoptosis process (He et al., 2014). In conclusion, these findings demonstrate that MEG3 may play an important role in stellate cell activation and liver fibrosis progression and presents as a new potential treatment target for liver fibrosis.
2.2.3 LncRNA GAS5
Situated at 1q25 and composed of 12 exons, GAS5 was originally identified from a subtractive cDNA library, named according to the increased level of expression found in mammalian cells at growth arrest (Sun et al., 2017). Its exons are selectively spliced to produce two possible mature lncRNAs: GAS5a and GAS5b (Li J. et al., 2018) and 11 introns responsible for encoding 10 cassettes of C/D small nucleolar RNA (snoRNA) (Ni et al., 2019). Sequence similarity to the hormone receptor element of the glucocorticoid receptor (GR) in terms of function inhibits the effect of GR on its target gene expression (Zhong et al., 2020). Considering other regions of sequence similarity suggests a role for this lncRNA in regulating the function of other hormones such as androgen, progesterone, and salt corticosteroid receptors (Dong P. et al., 2019; Yang X. et al., 2020). Additionally, plasma GAS5 is involved during diabetes and coronary heart disease. Yu et al. showed that GAS5 could directly bind to miR-222 in mouse, rat and human fibrotic liver samples as well as in activated HSC but its overexpression inhibited the activation of primary HSC in vitro while attenuating collagen accumulation levels in fibrotic liver tissues in vivo, but this was not observed in response to GAS5 is predominantly localized in the cytoplasm (Yu et al., 2015b) accompanied by a higher copy number than miR-222 and is noted to increase p27 protein levels by binding to miR-222, thereby acting as a suppressor in HSC activation and proliferation (Yu et al., 2015b). Han et al. revealed that GAS5 expression was strongly correlated with liver fibrosis in patients with nonalcoholic fatty liver disease (NAFLD) (Han et al., 2020), and plasma GAS5 expression was significantly higher in patients with advanced stages than in non-advanced stages (Han et al., 2020). The progression of fibrosis was linearly correlated with plasma GAS5 expression, which also suggests the potential of plasma GAS5 as a noninvasive marker of liver fibrosis in patients with NAFLD (Dong Z. et al., 2019). Dong et al. investigated CCl4-induced in vivo assays in model rats and TGF-β1-induced in vitro assays in HSC and found that miR-23a expression was significantly increased while compared with miR-23a Compared with the NC group (Dong Z. et al., 2019), miR-23a inhibitor did not affect the expression levels of E-calmodulin, α-SMA and type I collagen in normal rats while up-regulating the expression levels of E-calmodulin and down-regulating the expression levels of α-SMA and type I collagen in model rats, suggesting that miR-23a plays a critical regulatory role in the development of liver fibrosis (Dong Z. et al., 2019). Further co-transfection revealed that the relative luciferase activity of pGL3-GAS5-wt was inhibited by miR-23a mimics while the luciferase activity of miR-23a NC and pGL3- GAS5-mut was unchanged (Dong Z. et al., 2019). RNA pull-down analysis suggested that approximately 5% of GAS5 bound to miR-23a compared to 100% of GAS5 in total RNA, and these results suggest that miR-23a could pull down GAS5 in liver tissue and HSC. lncRNA GAS5 silencing resulted in increased expression levels of miR-23a while addition of exogenous miR-23a resulted in downregulation of lncRNA GAS5 expression levels, this evidence suggested the ability of lncRNA GAS5 to bind directly to miR-23a. Thus, the ability of lncRNA GAS5 to act as a sponge platform for miR-23a and competitively reduce the expression level of miR-23a to inhibit liver fibrosis can be confirmed. Additionally, it is essential to mention the fact that TCM has been selected as an alternative therapy for liver fibrosis in view of the ineffectiveness and frequent occurrence of adverse side effects of synthetic drugs currently used to treat liver diseases, including liver fibrosis (Lam et al., 2016). Dahuang Zhezhuo Pill (DHZCP) as a typical Chinese medicine can inhibit the proliferation of vascular smooth muscle cells or further development of liver fibrosis in vivo by inhibiting the MAPK pathway (Zhang et al., 2009; Cai et al., 2010). Gong et al. identified that the proliferation of HSC was significantly inhibited after overexpression of GAS5 and DHZCP reversed the relative mRNA expression of GAS5, which suggest that DHZCP can mitigate liver fibrosis by enhancing the GAS5 expression (Gong et al., 2018).
2.3 LncRNAs Functions as Competitive Endogenous RNAs in Liver Fibrosis
Competitive endogenous RNAs (ceRNAs) act as reciprocal regulators of transcripts at the post-transcriptional level through competing shared miRNAs (Salmena et al., 2011; Qi et al., 2015). ceRNA hypothesis suggests that it provides a pathway to predict the non-coding function of any non-featured RNA transcript by identifying putative miRNA binding sites and linking the function of protein-coding mRNAs to that of e.g., miRNA, lncRNA, and MiRNAs negatively regulate gene expression at the post-transcriptional level by direct base pairing with target sites within the untranslated region of messenger RNAs (Franco-Zorrilla et al., 2007; Thomson and Dinger, 2016; Braga et al., 2020), considering that more than 60% of human protein-coding genes are under the selective pressure of MiRNAs and that any transcript containing miRNA response elements could theoretically function as ceRNAs the ability to function (Salmena et al., 2011; Li et al., 2014; Yang X. et al., 2020), which may typify a wide range of post-transcriptional forms of regulation of gene expression in physiology and pathology (Karreth et al., 2011; An et al., 2017; Wang L. X. et al., 2019). Many lncRNAs may have poor results on their effectiveness as ceRNAs under steady-state conditions due to low abundance and/or nuclear localization. Thousands of lncRNAs have cell type, tissue type, developmental stage, and disease-specific expression patterns and localization suggesting that in some cases individual lncRNAs may be effective natural miRNA sponges (Guttman and Rinn, 2012; Tay et al., 2014) (Figure 3). Preliminary experimental evidence has been given for ceRNA crosstalk results between the tumor suppressor gene PTEN and the pseudogene PTENP1 (Tay et al., 2011), and recent studies have focused on the ability of lncRNAs to act as ceRNAs to regulate miRNA concentrations and biological functions in hepatic fibrosis. using CCl4-induced mice (Zhang et al., 2018; He et al., 2020; Mahpour and Mullen, 2021). Zhu et al. explored that overexpression of H19 significantly exacerbated hepatocyte HSC and EMT activation (Zhu et al., 2019). Dual luciferase reporter analysis mechanistically revealed that miR-148a significantly inhibited the luciferase activity of pmirGLO-H19-WT and deregulated this inhibition by targeted mutation of the binding site. miR-148a inhibitor rescued H19 levels in LX-2 cells but miR-148a mimicked the down-regulated H19 levels in L-02 cells. Overexpression of H19 did not affect miR-148a levels in fibrotic livers but miR-148a could inhibit HSC and EMT activation by targeting ubiquitin-specific protease 4 (USP4) (Zhu et al., 2019). They demonstrated that the maintenance of USP4 levels could be mediated by H19 as ceRNA spongy miR-148a hair, and this evidence suggests that H19 may be a promising target for the treatment of liver fibrosis through the novel H19/miR-148a/USP4 axis that can promote liver fibrosis in HSC and hepatocytes (Zhu et al., 2019). Yu et al. found that liver fibrosis tissue and activation reduced levels of lincRNA-p21 expression in HSC, and overexpression of lincRNA-p21 played a key role in the inhibition of its activation by inducing a significant reduction in HSC expression of α-SMA and Col (Yu et al., 2016). Noticeably, these effects were blocked if in the absence of lincRNA-p21-induced PTEN enhancement, and these circumstances demonstrate the fact that lincRNAp21 inhibits liver fibrosis through PTEN. Further studies showed that miR-181b mimics inhibited the effect of lincRNA-p21 on PTEN expression and HSC activation. Combined with the above data lincRNA-p21 enhances PTEN expression levels by competitively binding miR-181b (Yu et al., 2016). Thus, these results reveal a novel lincRNA-p21-miR-181b-PTEN signaling cascade in liver fibrosis and its potential to suggest lincRNA-p21 as a molecular target for anti-fibrotic therapy. Yu et al. confirmed that lincRNA-p21 inhibits miR-17-5p levels, with this phenomenon missing in lincRNA-p21-miR-17-5p binding site could block miR-17-5p expression in the inhibition assay (Yu et al., 2017a). The function of miR-29b in mediating the downregulation of extracellular matrix genes involved in the TGF-β and NF-κB signaling pathways in HSC has long been reported (Roderburg et al., 2011). Han et al. suggested that TUG1 promotes the expression of these pro-fibrotic genes through the downregulation of miR-29b and thus plays a ceRNA role in accelerating the progression of liver fibrosis (Han et al., 2018). Xie et al. demonstrated that SNHG7 as a ceRNA can also bind to miR-29b in HSC and inhibit the expression level of miR-29b, which may affect the expression of DNMT3A (a downstream target gene of miR-29b) thus regulating the activation, autophagy, and proliferation of HSC (Xie et al., 2021). The downregulation of miR-378a-3p, a target of SNHG7, which is co-localized with SNHG7 in the cytoplasm, could block SNHG7 deletion and thus alleviate the outcome of HSC activation. Analogously, SNHG7-induced HSC activation was almost confirmed to be blocked by irregular fragment polarity protein 2 (DVL2) knockdown of the target site of miR-378a-3p (Yu et al., 2019). These discoveries suggest that lncRNA SNHG7 may interact with different miRNAs to play a critical role in the development of liver fibrosis. Zhou et al. investigated sperm-mediated primary HSC and found that lncRNA Gm5091 overexpressed and knocked downplayed important roles in negatively regulating cell migration, ROS content, IL-1β secretion and HSC activation, respectively (Zhou et al., 2018). lncRNA Gm5091 exhibited direct binding to miR-27b, miR-23b, and miR-24 and inhibited miR-27b, miR-23b, and miR-24 expression. All these suggest the potential of lncRNA Gm5091 to function as ceRNA and thus attenuate liver fibrosis through spongy miR-27b/23b/24 (Zhou et al., 2018). lncRNA ATB containing a common binding site for miR-200a was found to be upregulated in fibrotic liver tissue and simultaneously involved in LX-2 cell activation by Fu et al. in the same field. Knockdown experiments of lncRNA ATB upregulated endogenous miR-200a while downregulating β-catenin expression while suppressing the activation state of LX-2 cells (Fu et al., 2017). Significant increase in lncRNA NEAT1 expression in vitro and in vivo, as well as the inhibitory effect of its deletion on liver fibrosis were observed (Yu et al., 2017b). lncRNA NEAT1 and miR-122 interacted directly in that lncRNA NEAT1 could regulate KLF6 expression in liver fibrosis by competitively binding to miR-122, thereby accelerating HSC activation and increased cell proliferation and collagen activation (Yu et al., 2017b). The lncRNA NEAT1, which is upregulated in NAFLD progression, binds to miR-506, and GLI3, and regulates GLI3 expression levels as well as fibrosis, inflammatory response and lipid metabolism in NAFLD by secreting miR-506 and miR-506/GLI3 axis, respectively (Jin et al., 2019). lncRNA NEAT1 was found to be elevated in ash by Ye et al. was elevated in ash and acted as a ceRNA sponge for miR-129-5p′s ability to suppress SOCS2 expression. It is also important to note that inhibition of lncRNA NEAT1 inhibits the development of liver fibrosis and ASH by elevating miR-129-5p and inhibiting SOCS2 (Ye et al., 2020). These findings clarify that lncRNA NEAT1 may contribute to the development of liver fibrosis and provide new insights into the pathogenesis and potential therapeutic strategies for liver fibrosis. In conclusion these results suggest that lncRNA-miRNA interactions regulate target genes and play a role in liver fibrosis, and these evidence will provide the basis for a better understanding of this interaction to develop a new liver fibrosis treatment strategy (Table 2).
[image: Figure 3]FIGURE 3 | The mechanism of ceRNA. (A) In the cytoplasm, miRNAs could regulate 3′- UTR of mRNAs through base pairing with partial complementarity in the conventional crosstalk of RNA transcripts, thus inhibiting mRNAs. (B) Under the ceRNA mechanism of cancer cells, miRNAs are isolated from each other by abnormally expressed lncrna and MREs, thus reducing the interaction between miRNA and mRNA, thereby weakening the inhibition of downstream mRNA.
TABLE 2 | lncRNA as ceRNA in liver fibrosis.
[image: Table 2]3 REGULATORY MECHANISM OF LNCRNAS IN LIVER FIBROSIS
Deep understanding of the disease is essential to improve patient survival and to identify effective biomarkers for the development of liver fibrosis. How to detect liver fibrosis early in disease progression and develop effective therapies is critical in reducing the risk of cirrhosis, subsequent decompensation or liver cancer and reducing cancer mortality (Chang et al., 2015; Tacke and Trautwein, 2015; Aydin and Akcali, 2018). We already know that multiple signaling pathways are involved in the pathogenesis of liver fibrosis (Yang et al., 2014; Roehlen et al., 2020; Zhu et al., 2021). We therefore summarize some of the regulatory mechanisms associated with hepatic fibrosis development and progression (Figure 4).
[image: Figure 4]FIGURE 4 | The mechanism of lncRNA to liver fibrosis. Multiple stimuli such as chronic hepatitis B (CHB) damage hepatocytes to initiate wound healing responses, and LncRNAs play a role in promoting activation and apoptosis of hepatic stellate cells and inducing epithelial-mesenchymal transition (EMT) at multiple stages, leading to excessive accumulation of extracellular matrix (ECM) proteins in hepatocytes, resulting in liver fibrosis generation and progression.
3.1 Notch Signaling Pathway
The importance of lncRNAs in mediating various signaling pathways has been recently highlighted in the direction of liver fibrosis onset and progression as well (Peng et al., 2018; Yang et al., 2019; Ganguly and Chakrabarti, 2021). The Notch signaling pathway, which induces developmental interactions and is a major player in liver biology and pathophysiology (Kovall et al., 2017; Nowell and Radtke, 2017; Meurette and Mehlen, 2018), is thought to be involved in cell proliferation, survival, apoptosis and differentiation events at various stages of development thereby controlling events such as organogenesis and morphogenesis (Zhang K. et al., 2019; Chen T. et al., 2020), as well as being significantly associated with HSC activation and HCs EMT in liver fibrosis (Zhang K. et al., 2019). Chen et al. found that lncRNA Meg8, through the Notch pathway inhibited hepatic stellate cell activation and EMT in hepatocytes while its silencing assay exhibited a significant promotion of Notch2, Notch3 and Hes1 expression levels in primary HSC and LX-2 cells (Chen T. et al., 2020). lncRNAs Notch2, Notch3, and Hes1 expression could also be inhibited by knocking down lncRNAs in primary HCs and AML-12 cells Meg8 was significantly increased. Increased mRNA and protein levels of type I collagen and α-SMA were observed in LX-2 cells transfected with lncRNA Meg8 siRNA, while knockdown lncRNA Meg8 experiments showed that overexpression of type I collagen and α-SMA was eliminated by RO4929097, evidence suggesting that this signal may be involved in mediating the function of lncRNA Meg8 (Chen T. et al., 2020). The regulatory role of lncRNAs in liver fibrosis via the Notch signaling pathway was recently reported, and protein and mRNA levels of Notch signaling-related molecules and target genes Notch2, Notch3, and Hes1 were reduced in HSCs with lncRNA LFAR1 downregulation and increased in HSCs with lncRNA LFAR1 overexpression (Zhang K. et al., 2017). CCl4-and BDL-treated mice showed significantly increased expression of Notch2, Notch3, Hes1, and Hey2 compared to lenti NC infection. Lentivirus-mediated knockdown of lncRNA LFAR1 resulted in decreased expression of Notch2, Notch 3, Hes1, and Hey2 while suppressing CCl4-and BDL-induced upregulation of these genes, and this evidence suggests that lncRNA LFAR1 promotes processes such as liver fibrosis and HSC activation through activation of the Notch signaling pathway as well as acting as a Notch signaling pathway provides new insights to elucidate the molecular mechanisms of liver fibrosis (Zhang K. et al., 2017).
3.2 Wnt/β-Catenin Signaling Pathway
The Wnt/β-catenin signaling pathway, which is highly conserved among species and controls a variety of biological processes during animal development and life cycle (Zhou and Liu, 2015; Fu et al., 2018; Zuo et al., 2019), is essential in the regulation of EMT and can recur during the onset and progression of various diseases (Sebio et al., 2014; Schunk et al., 2021). Salvianolic acid B (Sal B), one of the water-soluble components extracted from Salvia miltiorrhiza, plays an important role in the treatment and inhibition of activated HSC, and increases the expression of lincRNA-p21 (Yu et al., 2017a). Sal-B increased the expression of P-β-catenin and decreased the cytoplasmic and nuclear expression levels of β-catenin thus significantly reducing the pathway activity while this phenomenon could be restored by lincRNA-p21 knockdown. The deletion of lincRNA-p21 is involved in the inhibition of Sal-B-induced P-β-cateni and the restoration of reduced β-linked proteins in the cytoplasm and nucleus, suggesting that Sal-B may inhibit Wnt/β-linked protein pathway processes through lincRNA-p21 (Yu et al., 2017a). In conclusion, the Wnt/β-linked protein pathway inhibited by lincRNA-p21 is involved in the effect of Sal B on HSC activation and thus inhibits HSC activation and provides new evidence for the role of Wnt/β-linked protein signaling inhibited by lincRNA-p21 in the progression of liver fibrosis disease. proliferation, survival, differentiation, and invasion (Lee JJ. et al., 2015; Alzahrani, 2019; Corti et al., 2019).
3.3 PI3K/AKT/mTOR Signaling Pathway
lncRNAs silencing experiments can reduce the phosphorylation levels of ERK, Akt, and mTOR, while PI3K/AKT/mTOR signaling has also been reported to be closely associated with HSC proliferation, activation, and ECM synthesis, which is also significantly inhibited by pharmacological and genetic approaches through inhibition of PI3K signaling (Khemlina et al., 2017; Kong et al., 2020; Jung et al., 2021). Huang et al. revealed that increased expression of H19 could be inhibited by LY294002. These results suggest a role for lncRNA H19 in HSC activation as a downstream site regulated by the PI3K/AKT/mTOR pathway (Huang et al., 2019). Beyond this the pathway of lncRNA H19 promoting HSC activation through autophagy must be highlighted. It has also been reported that lncRNA H19 significantly decreased the expression of p-AKT and p-mTOR, and this effect was further enhanced by LY294002 and rapamycin (Huang et al., 2019). This suggests that lncRNA H19 can be involved in the PI3K/AKT/mTOR-promoted autophagy-activated HSC pathway 30735452. Dong et al. reported that silencing of lncRNA GAS5 increased the expression levels of p-PI3K, p-Akt, and p-mTOR thus revealing that activation of PI3K/Akt/mTOR signaling pathway in liver fibrosis can be mediated by the lncRNA GAS5 (Dong Z. et al., 2019). LOC102551149 knockdown assay promoted the expression of p-PI3K, p-Akt, and p-mTOR in activated HSC, while the overexpression of LOC102551149 in activated HSC 30735452 suppressed the expression levels of p-PI3K, p-Akt, and p-mTOR (Dong Z. et al., 2019). This evidence imply that lncRNAs can reduce the activation response of HSC by inhibiting the activation of PI3K/AKT/mTOR signaling pathway in liver fibrosis (Karin et al., 2002; De Simone et al., 2015).
3.4 NF-κB Signaling Pathway
The NF-κB signaling pathway, an important transcription factor for many inflammatory mediators and cytokines, remains a dormant molecule in the cytoplasm by binding tightly to IκB inhibitor proteins (Inoue et al., 1992; Yang et al., 2012), and phosphorylation of IκB by IκB kinase (IKK) upon stimulation separates IκB from NF-κB leading to translocation and activation of NF-κB, a process reported to be involved in the formation and progression of liver fibrosis (Luedde and Schwabe, 2011; Wang T. et al., 2019; Zhang K. et al., 2020; Zhao et al., 2020). Shi et al. found that LINC01093 31450097 knockdown assay confirmed the promotion of NF-κB p65 nuclear translocation and elevated levels of NF-kB p65 in the cytoplasm (Shi et al., 2019). On the contrary, overexpression of LINC01093 is involved in the inhibition of nuclear translocation of NF-κB p65 leading to an increase in the nuclear level of NF-κB p65 and a decrease in NF-κB p65 at the cytoplasmic level, and this evidence suggests that overexpression of LINC01093 could be involved in inhibiting hepatocyte apoptosis and attenuating the process of liver fibrosis by suppressing the NF-κB signaling pathway (Shi et al., 2019).
3.5 AMP-Activated Protein Kinase Signaling Pathway
The AMP-activated protein kinase (AMPK) signaling pathway, which plays an important role in regulating cellular energy homeostasis, could respond to changes in intracellular adenine nucleotide levels and is involved in the process of HSC activation (Shackelford and Shaw, 2009; Mihaylova and Shaw, 2011; Zhao et al., 2017). Yang et al. determined that the proliferation rate of HSC transfected with LncRNA- ANRIL siRNA was significantly higher than that of NC and vector-identified AMPK as a key gene in LncRNA-ANRIL-mediated HSC activation (Zhang T. et al., 2019; Kim MH. et al., 2020). Overexpression of LncRNA-ANRIL suppressed the level of phosphorylated AMPK in activated HSC while LncRNA-ANRIL-siRNA increased the level of phosphorylated AMPK in activated HSC, this evidence suggest that LncRNA-ANRIL deletion can trigger HSC activation through AMPK pathway (Yang JJ. et al., 2020). Wang et al. revealed that lncRNA- H19 regulates lipid droplet metabolism by mechanisms that rely on the AMPKα pathway acting as a sensor for maintaining energy homeostasis (Wang Z. et al., 2020). The upregulated lncRNA-H19 initiates the catabolic pathway by binding to AMPKα to maintain the necessary energy supply. In addition to acting as a scaffold between AMPKα and LKB1, lncRNA-H19 links AMPKα and LKB1 and plays a facilitating role in the phosphorylation of AMPKα by LKB1 (Wang Z. et al., 2020). lncRNA-H19/AMPKα pathway is thought to be involved in HSC activation-induced lipid droplet disappearance in liver fibrosis given that lncRNA-H19 can be observed to induce HSC -formation of the AMPKα/LKB1 complex in LX2 cells and its potential as a novel target for liver fibrosis treatment (Wang Z. et al., 2020).
In conclusion, these findings highlight the possibility that there may be new therapeutic targets and biomarkers for liver fibrosis in the future from lncRNAs, Figure 4 schematically demonstrates the potential mechanism of lncRNA on liver fibrosis.
4 POTENTIAL CLINICAL APPLICATION OF LNCRNAS IN HUMAN CANCERS
As a serious infectious disease caused by hepatitis B virus (HBV) infection, hepatitis B currently infects 350–400 million people worldwide (McMahon, 2009). Patients with chronic hepatitis B (CHB) are characterized by progressive liver fibrosis and inflammation (Guo et al., 2021) as the main pathological manifestations representing the ultimate common pathway for almost all types of CLD (Cai et al., 2020; Roehlen et al., 2020). However, it must be emphasized that liver fibrosis characterized by excessive accumulation of extracellular matrix (ECM) proteins also represents a manifestation of the liver’s trauma healing response to various types of liver injury (e.g., HBV infection) (Lee Y. A. et al., 2015; Tacke and Trautwein, 2015). The application of liver biopsy as the gold standard for assessing the presence and staging of liver fibrosis is often limited by its invasive nature, possible complications, and potential sampling errors. Consequently, there is a need for effective early detection studies of liver fibrosis to control and treat the patient’s liver fibrosis progression (Cadranel et al., 2000; Bravo et al., 2001; Rockey et al., 2009). lncRNAs are frequently deregulated in a variety of human diseases as well as in many important biological processes thereby generating abnormal lncRNAs involved in the development of various diseases 29330108 (Peng et al., 2017; Ma et al., 2018). It must be emphasized that lncRNAs are stable in the circulatory system and readily detectable in serum due to their inability to be degraded by nucleases (Faghihi et al., 2008; Gupta et al., 2010), a property that makes them highly diagnostic in different diseases including liver fibrosis (Zhang K. et al., 2017; Liu et al., 2019). They further demonstrated that reduced serum lincRNA-p21 levels in chronic hepatitis B patients correlated with fibrosis stage (Yu et al., 2017c). Subject operating characteristic curve (ROC) analysis suggested that serum lincRNA-p21 could differentiate chronic hepatitis B patients with liver fibrosis from healthy controls, specifically the area under the ROC curve (AUC) was 0.854 [0.805–0.894], with a sensitivity and specificity of 100 and 70%, respectively, at a critical value of 3.65. A sensitivity of 100% and specificity of 70% accompanied by an AUC of 0.760 (0.682–0.826) in differentiating chronic hepatitis B patients with low fibrosis scores from healthy controls; a sensitivity of 100% and specificity of 73.3% accompanied by an AUC of 0.856 in differentiating chronic hepatitis B patients with moderate fibrosis scores from healthy controls (0.801–0.901); 100% sensitivity and 77.5% specificity accompanied by an AUC of 0.935 (0.882–0.969) were observed in differentiating patients with chronic hepatitis B with high fibrosis score versus healthy controls (Yu et al., 2017c). Furthermore, the levels of lincRNA-p21 could be distinguished in chronic hepatitis B patients with different fibrosis scores, specifically: 70.9% sensitivity and 92.3% specificity (AUC 0.875, 0.800–0.930) for moderate fibrosis score and mild fibrosis score; 81.4% sensitivity and 96.1% specificity (AUC 0.954, 0.859–0.993) for high fibrosis score and low fibrosis score; and Yu et al. showed that serum lincRNA-p21 levels were associated with liver Fibrosis markers including α-SMA and Col1A1 were negatively correlated but markers of viral replication, liver inflammatory activity and liver function showed no correlation (Yu et al., 2017c). lncRNA SNHG7 was also found to be correlated with liver fibrosis progression by Yu et al. (Yu et al., 2019) and ROC curve analysis showed an area under the ROC curve (AUC) of 0.955 (95% confidence interval [CI], 0.868–0.990), where it is noteworthy that at a critical value of 1.0, its sensitivity is 90% and specificity is 100%, suggesting its potential as a potential diagnostic biomarker for liver fibrosis. lncRNA SNHG7 is higher in the cytoplasm of human LX-2 cells as well as primary HSC than in the nucleus (Yu et al., 2019), and this evidence indicates that the expression of lincRNA-p21 and lncRNA SNHG7 plays a key role in the progression of liver fibrosis and its potential as a potential biomarker of liver fibrosis. Han et al. experimentally confirmed that plasma lncRNA GAS5 was significantly elevated in patients with advanced fibrosis compared to patients without progressive fibrosis, but this did not show any statistical difference in tissues, but lncRNA GAS5 tissue expression was positively correlated with the stage of fibrosis prior to the development of cirrhosis as well as significantly downregulating lncRNA in plasma of NAFLD patients with cirrhosis GAS5 expression (Han et al., 2020). However, significant differences in tissue levels of lncRNA GAS5 were not shown in patients with advanced fibrosis and cirrhosis, a phenomenon that emphasizes the accuracy of the association between plasma levels and fibrosis stage. The significance of serum lncRNA GAS5 in the diagnosis of liver fibrosis was proposed by Gou et al. through the detection of abnormalities in lncRNA GAS5 in the serum of patients with chronic hepatitis B, and although the significance of serum lncRNA GAS5 in the age and gender distribution subgroups were not statistically significant (Han et al., 2020). The results of qRT PCR analysis suggested lower serum lncRNA GAS5 levels in CHB patients, and the results of ROC curve analysis showed that serum lncRNA GAS5 could effectively differentiate between CHB liver fibrosis patients and healthy controls (AUC of 0.993, 0.972–0.992). Altogether, circulating elevated lncRNA GAS5 levels correlated with the progression of liver fibrosis prior to the development of cirrhosis can be used to serve as a valid non-invasive marker in patients with NAFLD and CHB with liver fibrosis (Han et al., 2020). Chen et al. contributed significantly to the promotion of lncRNA MEG3 as a serum bi-diagnostic marker for chronic hepatitis B and to improve early diagnosis and treatment outcomes (Chen et al., 2019). qRT PCR data showed a significant decrease in serum lncRNA MEG3 levels in patients with chronic hepatitis B. lncRNA MEG3 expression was negatively correlated with the degree of liver fibrosis (AUC of 0.8844 and the critical value was 5.112) in the low-level fibrosis group versus the control group (AUC and critical value were 0.5237 and 2.988, respectively) (Chen et al., 2019), in the moderate fibrosis group and the control group (AUC and critical value were 0.7085 and 3.812, respectively), and in the high fibrosis group and the control group (AUC and critical value were 0.9395 and 4.689, respectively). Finally, they focused on the possibility of lncRNA MEG3 levels as a differentiating marker in chronic hepatitis B types with different degrees of liver fibrosis (Chen et al., 2019). The AUC and critical values were found to be 0.8281 and 3.963 for the low and intermediate level fibrosis groups, respectively. 0.8857 and 4.818 for the high and low levels fibrosis groups, respectively, and conversely, 0.7861 and 5.312 for the high and intermediate level fibrosis groups, respectively. The results show the important diagnostic value of serum lncRNA MEG3 in patients with chronic hepatitis B combined with liver fibrosis. Yu et al. also concluded that lncRNA MEG3 was negatively correlated with the transcript level of α- SMA and positively correlated with E-calmodulin mRNA expression. Moreover, the increase in fibrosis score was accompanied by a gradual increase in liver MEG3ΔCt value, which indicated that MEG3 expression was negatively correlated with fibrosis score (Yu et al., 2018). In conclusion, all the above results demonstrate that lncRNA MEG3 is a biomarker in the detection and prognosis of liver fibrosis.
Given the current delayed diagnosis and relapse as the biggest barriers to liver fibrosis treatment, ideal biomarkers are of great importance for clinical efforts such as improving early diagnosis rates. These results suggest a potential role of lncRNAs in the diagnosis and prognosis of liver fibrosis. Nevertheless, we must realize that the exact molecular mechanism of the role of lncRNAs in liver fibrosis is still unclear therefore the functional role of lncRNAs in liver fibrosis still needs further exploration and validation including clinical applications.
5 PROSPECTS
lncRNAs have been receiving increasing attention along with the rapid development of the field of molecular biology, and breakthroughs in new high-throughput sequencing technologies such as RNA-Seq, microarrays and deep sequencing have provided the basis for expanding our understanding of complex transcriptomic networks and enabling us to identify the dysregulated expression of various lncRNAs in liver fibrosis. Our review details the role of lncRNAs as important regulators in the development of liver fibrosis and the relationship between aberrant lncRNA expression and HSC activation (Yang et al., 2019; De Vincentis et al., 2020). In addition to this, given the increasing number of studies providing data on lncRNAs measured between normal and liver fibrotic tissues, it not only suggests that lncRNAs may be involved in the progression of liver fibrosis but also provides a solid theoretical basis for lncRNAs to become biomarkers for the clinical diagnosis of liver fibrosis (Jiang and Zhang, 2017; Unfried and Fortes, 2020). However, we still need to clarify the regulatory network of lncRNAs in liver fibrosis and the underlying molecular mechanisms are still complex and still inconclusive (Kim YA. et al., 2020; Ganguly and Chakrabarti, 2021). Therefore, the next work should focus on screening effective lncRNAs for the diagnosis and treatment of liver fibrosis and actively promote the development of effective lncRNAs that can be applied in the clinical setting.
On the other hand, a series of lipid bilayer membrane-bound organelles that are released by cells into the environment, which we call “EVs” (Xu et al., 2016), vary in size and could be released from almost all cells under appropriate physiological and pathological conditions (Walker et al., 2019; Mo et al., 2021). One of the hot topics of research is their cargo-carrying function given that their cargo can partially reflect the cellular properties of their origin, exosomes carry significantly different types of RNAs compared to parental cells (Abels and Breakefield, 2016; van Niel et al., 2018). Most importantly, ncRNAs can be shipped in a way that avoids the fate of unprotected ncRNAs that are readily degraded by RNA enzymes in the blood and can furthermore maintain their integrity and activity in circulation (Shen M. et al., 2019; Mori et al., 2019; Hu et al., 2020). Liu et al. found that hepatic lncRNA H19 expression levels correlated with serum exosomal lncRNA H19 levels and severity of liver fibrosis in a mouse model of cholestatic liver injury and in human patients with primary sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC). In contrast, exogenous lncRNA H19 promotes liver fibrosis and enhances the activation and proliferation of HSC (Liu et al., 2019). Our review highlights the status of exogenous lncRNA H19 as a potential diagnostic marker and therapeutic target in the development of cholestatic liver fibrosis, and the potential of targeting these intercellular signaling mechanisms and mediators to increase sensitivity and improve response to conventional therapeutic agents used to treat liver fibrosis and to complement exogenous lncRNAs strategies in liver prevention, diagnosis and treatment. Finally, we must emphasize that gene editing is a technique for targeted modification of DNA nucleotide sequences characterized by the precise severing of targeted DNA fragments and insertion of new gene fragments (Jinek et al., 2012), and that CRISPR/Cas9, which has been successfully applied to the disruption of protein-coding24 sequences in various organisms (Sharma et al., 2021), is a very powerful gene editing tool, and that it also plays a key role in the progression and development of liver fibrosis (Barrangou et al., 2007; Strotskaya et al., 2017). For example, RSPO4-CRISPR applied in a rat model of liver fibrosis showed excellent performance in reducing liver injury and restoring the gut microbiota (Yu et al., 2021). HSC reprogramming via exon-mediated CRISPR/dCas9-VP64 delivery (Luo et al., 2021) has also been reported. Among them it is important to note that lncRNAs have been successfully edited/regulated by the CRISPR/Cas9 system therefore no transgene needs to be introduced (Konermann et al., 2015; Chen B. et al., 2020). Due to its specificity, efficiency, simplicity, and versatility CRISPR/Cas9 has achieved many encouraging successes as a powerful genome engineering tool for the treatment of many diseases including cancer (Goyal et al., 2017; Esposito et al., 2019). For example, the fact that CRISPR/Cas9’s specifically designed GRNA targeting suppresses the upregulated lncRNA UCA1 (uroepithelial carcinoma associated 1) in bladder cancer once again highlights the potential of the CRISPR/Cas9 system for regulating the expression of lncRNAs and for further use as a therapeutic approach in clinical cancer treatment (Yang et al., 2018; Shen M. et al., 2019). Therefore, it is reasonable to assume that CRISPR/Cas9 can regulate the expression of lncRNAs and thus achieve the treatment of liver fibrosis through relevant molecular mechanisms. Importantly, our review provides a summary of the stages by which this budding and maturing technology can be used in the future for drug discovery, cancer therapy, and treatment of other genetic diseases previously considered incurable.
6 CONCLUSION
Research on the involvement of lncRNAs in regulating the development of liver fibrosis are increasing year by year, and the results of in vivo and ex vivo experiments confirm the significant effect of overexpression and knockdown of lncRNAs in reducing or enhancing the extent of liver fibrosis, suggesting that lncRNAs are promising as new targets for liver fibrosis treatment. The expression of lncRNAs may be a suitable candidate in the issue of potential markers for the diagnosis and prognosis of liver fibrosis. lncRNAs regulate the proliferation, activation and apoptosis of HSC involved in the process of liver fibrosis. The regulation of lncRNAs expression mediated by miRNAs and the inverse regulation of miRNAs expression by lncRNAs are demonstrated. miRNAs are involved in the regulation of lncRNAs expression through sequence-specific binding between them. Multiple molecular mechanisms regulated by lncRNAs including NF-κB signaling pathway are involved in the pathological process of liver fibrosis, while examples of successful implementation of strategies applying regulation of lncRNA expression in preclinical models can already be observed. On the one hand, we can optimistically anticipate the promising clinical applications of therapeutic strategies based on the regulation of lncRNA expression, but on the other hand, we must realize that their safety and reliability still depend on the advancement of knowledge and sophisticated technologies.
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Pulmonary fibrosis (PF) is a severe respiratory disease caused by lung microenvironment changes. TGF-β/Smad3 signaling pathway plays a critical role in the fibrotic process. MicroRNA-29 (miR-29) has proved to alleviate the occurrence of PF by downregulating TGF-β/Smad3 signaling pathway. The miRNA application encounters obstacles due to its low stability in body and no targeting to lesions. Exosomes can be used for therapeutic delivery of miRNA due to their favorable delivery properties. However, low efficiency of separation and production impedes the therapeutic application of exosomes. In this study, we developed a liquid natural extracellular matrix (ECM) enriched with miR-29-loaded exosomes for PF treatment. The collagen-binding domain (CBD)-fused Lamp2b (CBD-Lamp2b) and miR-29 were overexpressed in human foreskin fibroblast (HFF) host cells for the entrapment of miR-29-loaded exosomes in ECM of the cells. The repeated freeze-thaw method was performed to prepare the liquid ECM enriched with exosomes without destroying the exosomal membrane. In summary, this study developed a novel functional ECM biomaterial for therapy of PF, and also provided a promising gene therapy platform for different diseases by treatment with liquid ECM that is, enriched with exosomes loaded with different functional miRNAs.
Keywords: pulmonary fibrosis, extracellular matrix, miR-29, exosome, collagen-binding domain
INTRODUCTION
Pulmonary fibrosis (PF) is a model fibrotic disease mainly caused by microenvironmental lung changes (Parker et al., 2014). Fibroblasts and myofibroblasts play essential roles in the pathological process via secreting growth factors, such as transforming growth factor (TGF-β), and excessive collagens (Yang et al., 2013). The inhibition of TGF-β1/Smad3 signaling has been reported to alleviate PF (Wang et al., 2016). For example, the TGF-β1/Smad3 signaling pathway was inhibited by microRNAs for the treatment of lung PF (Yang et al., 2013; Wang et al., 2016). Previous studies suggest that the microRNA-29 (miR-29) is one of the known TGF-β1-associated microRNAs involved in PF because it can regulate the expression levels of extracellular matrix (ECM) proteins such as collagen1a1 (Col1a1) and collagen3a1 (Col3a1) (Xiao et al., 2012; Montgomery et al., 2014). Although miR-29 has shown excellent advantages in treating PF, its clinical application faces some challenges, such as easy degradation by RNA enzyme, no targeting, and low stability in vivo. Recently, many powerful nano delivery systems have been developed for stable and efficient RNA delivery, such as viruses, liposomes, polymer nanoparticles, and exosomes (Paroo and Corey, 2004; Davis et al., 2009; Zhang et al., 2013; Li and Rana, 2014; Shu et al., 2014; Yang et al., 2014; Borna et al., 2015; Maghsoudnia et al., 2020). They have shown many advantages on low dose, high efficacy, stability and targeting.
Exosomes, nano-sized vesicles with diameters of 40–150 nm, are secreted by most eukaryotic cells and circulated in the extracellular environment (Wortzel et al., 2019; Duan et al., 2020; Miao et al., 2021). The exosomes play a functional role in cell-to-cell signaling interactions for the main contains the exosomes can deliver, including nucleic acids (RNA and DNA), proteins, lipids, and metabolites. When exosomes are uptaken by recipient cells, various biomolecules carried by exosomes are transferred to the recipient cells. This causes the response and even changes the functions of recipient cells (Wu et al., 2020). Exosomes have attracted extensive interest in the field of therapeutic applications due to their favorable properties for the delivery of RNAs (Lu and Huang, 2020). So far, exosomes-associated gene delivery has shown its therapeutic effects on brain liver diseases, cardiovascular diseases, and other diseases (Duan et al., 2020). But low efficiency of separation and production, difficulty in drug loading and targeting are common problems for therapeutic application of exosomes (Li P. et al., 2017; Lu and Huang, 2020; Zhang et al., 2020).
Extracellular matrix (ECM), a non-cellular three-dimensional macromolecular network secreted by cells and distributed surrounding the cells, plays a vital role in maintaining microenvironment for cells. Its main molecular complexes contain fibronectin, laminins, elastin, proteoglycans/glycosaminoglycans, collagens, and glycoproteins (Theocharis et al., 2016; Bhattacharjee et al., 2019; Zhang et al., 2019). ECM components form a complex network by binding each other as well as cell adhesion receptors. Cell surface receptors transduce signals into cells from ECM, which regulates diverse cellular functions such as survival, growth, migration, and differentiation. ECM has been applied as an ideal biomaterial to mimic cellular microenvironment for tissue engineering research and diseases treatment for its merits such as neutrality, good biocompatibility, degradability, and controllability. ECM was used to create a suitable bony microenvironment with cell-derived ECM and biodegradable β-tricalcium phosphate (β-TCP) (Kang et al., 2011). It was also used to form a dynamic microenvironment for stem cell niche (Gattazzo et al., 2014), to control cell culture (Barthes et al., 2015; Lin et al., 2020), and to maintain hematopoietic microenvironment (Klein, 1995). In our previous study, we developed a liquid natural ECM biomaterial enriched with insulin-degrading enzyme (IDE) and membrane metalloendopeptidase (MME) to reduce amyloid-beta (Aβ) peptide accumulation and Tau phosphorylation in Alzheimer’s disease cell models (Zhang et al., 2019). The ECM and exosomes are both synthesized and secreted by cells. Thereby, it is possible to modify the exosome membrane proteins to link exosomes to ECM by means of genetic engineering for the purpose of exosomes enrichment.
In this study, we developed a functional ECM biomaterial for PF treatment. We overexpressed collagen-binding domain (CBD)-fused Lamp2b (CBD-Lamp2b) and miR-29 in human foreskin fibroblast (HFF) cells, and further produced liquid ECM in which the exosomes loaded with miR-29 were remarkably enriched relying on the binding between CBD on exosomal membrane and collagen I in ECM. Our study demonstrated that this miR-29-loaded exosomes-enriched ECM (mi29-Exo-ECM) inhibited TGF-β1/Smad3 signaling pathway in vitro, and effectively alleviated the accumulation of PF in vivo. This study developed a type of novel functional ECM biomaterial that may hopefully facilitate PF therapy. In addition, a promising platform for gene therapy was developed to potentially treat different diseases with the liquid ECM that is, enriched with exosomes loaded with different functional miRNA.
MATERIALS AND METHODS
Cell Culture
Human foreskin fibroblast (HFF) and human embryonic kidney cells (HEK 293T) were cultured in Dulbecco’s modified Eagle medium (DMEM) (GIBCO, ThermoFisher, Waltham, MA, United States) supplemented with 10% pre-selected fetal bovine serum (FBS) (GIBCO, ThermoFisher, Waltham, MA, United States), 1% penicillin and streptomycin (GIBCO, ThermoFisher, Waltham, MA, United States) in a 37°C humidified incubator with 5% CO2. Human umbilical cord mesenchymal stem cells (hUCMSCs) were cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 HAM (1:1) (DMEM/F12, GIBCO, ThermoFisher, Waltham, MA, United States) containing 10% FBS and 1% penicillin/streptomycin in a 37°C humidified incubator with 5% CO2.
NIH 3T3 cells were maintained in DMEM with 10% FBS and kept in a 37°C incubator with a 5% CO2 air atmosphere, and TGF-β (Novoprotein, China) was added with 2 ng/ml. The total proteins of cells were harvested 24 h post-treatment.
Plasmid Construction, Lentivirus Production, and Transduction
The cDNA encoding the lysosome-associated membrane protein-2b (Lamp2b) was cloned from HFF cells by polymerase chain reaction (PCR). The fused gene CBD-Lamp2b was generated by PCR using cDNA of Lamp2b as template. The DNA fragment of CBD-Lamp2b was subcloned into the reading frame of pLVX-IRES-Puro lentiviral vector (Clontech Laboratories, Mountain View, CA), and the new formed construct was named as pLVX-CBD-Lamp2b. MiR-29 oligos purchased from Genewiz (Jiangsu, China) were cloned into pLKO.1 (Addgene, United States) to form new construct named as pLKO.1-miR-29. All primers with restriction sites were listed in Supplementary Table S1.
For lentivirus production, HEK 293T cells were cultured to 70% confluence in 60 mm dishes and were co-transfected with packaging plasmids (pMD2.G and psPAX2) and lentiviral vectors (pLVX-CBD-Lamp2b) using lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). After 6 h of transduction, the medium was replaced with fresh medium. After 48 h of culture, the virus-containing supernatant was collected and filtered through a 0.22 μm pore size filter. The virus stocks were used to infect HFF cells with the presence of 8 μg/ml polybrene to form HFF-pLVX, HFF-pLVX-Lamp2b, HFF-pLVX-CBD-Lamp2b cell lines. After transfection, those cells were selected by 1 μg/ml of puromycin for 7 days to get the stable transfected cell lines. In order to overexpress miR-29 in exosomes, HFF-pLVX-CBD-Lamp2b cells were cultured to 80% confluence in 100 mm dish and co-transfected with pLKO.1-miR-29 using lipofectamine 2000. After 6 h of culture, the medium was replaced with fresh medium.
Quantitative Real-Time Polymerase Chain Reaction
The qRT-PCR was performed according to previously reported method (Qiao et al., 2020) to confirm the overexpression of CBD-Lamp2b in HFF and the overexpression of miR-29 in exosomes from mi29-Exo-ECM. Briefly, total RNA was extracted from HFF-pLVX, HFF-pLVX-Lamp2b, HFF-pLVX-CBD-Lamp2b using TRIzol Reagent (Invitrogen, ThermoFisher, Waltham, MA, United States). The total RNA of exosomes was extracted with miRNeasy Mini Kit (Qiagen, Germany). The RNA was subsequently reverse transcribed to cDNA using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA, United States), and miR-29 was reverse transcribed with specialized reverse primers (Supplementary Table S1). The qRT-PCR was performed with the Power SYBR Green PCR Master Mix (Applied Biosystems, TheomoFisher, Walltham, MA, United States) on 7,500 real time thermocycle instrument (Applied Biosystems, ThermoFisher, Walltham, MA, United States). The relative expression levels were expressed in arbitrary units (a.u.) while the Ct value of the gene of interest was normalized to that of β-actin or U6. The qRT-PCR primers for target genes (Lamp2b and miR-29) were designed using the Primer Express software (Version 2.0, Applied Biosystems, Walltham, MA, United States) and showed in Supplementary Table S1.
Liquid ECM Material Preparation by Repeated Freeze-Thaw Method
The repeated freeze-thaw method was used for liquid ECM preparation (Lu et al., 2011, 2012; Xing et al., 2015; Fernández-Pérez and Ahearne, 2019; Li et al., 2019). Briefly, the cells were expanded to confluence in culture dish and continuously cultured for 14 days in DMEM containing 10% FBS, 50 μM ascorbic acid, and 1% penicillin/streptomycin in a 37°C humidified incubator with 5% CO2. After washing with phosphate-buffered saline (PBS) for three times, the cells were frozen in −80°C refrigerator for 2 h and then thawed in 37°C incubator for 5 min. This freeze-thaw process was repeated three times to rupture the cell membrane. Finally, the cell contents were removed by gently rinsing with PBS for three times. Subsequently, the decellularized ECM was dissolved in PBS and centrifuged at 10,000 g for 20 min at 4°C to sufficiently remove the cell membrane fragments; the supernatant was collected as the liquid ECM that was named as Exo-ECM. Western blot, transmission electron microscopy (TEM), scanning electron microscope (SEM) and nanoparticle tracking analysis (NTA) were performed to characterize the ECM biomaterials containing exosomes.
Western Blot Analysis
Cells or exosomes were harvested and lysed in RIPA lysis buffer. The lysates were centrifuged at 12,000 g for 20 min at 4°C, and proteins in the supernatants were quantitated using the Lowry Protein Assay quantitation Kit (Beyotime, Shanghai, China). Lysates were fractionated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes. After blocked with 5% bovine serum albumin (BSA) for 1.5 h, PVDF membranes were incubated with primary antibodies overnight at 4°C and HRP-conjugated secondary antibody for 2 h at room temperature. Finally, the membranes were visualized by chemiluminescence following standard protocols and photographed by Fujifilm LAS 4000 luminescent image analyzer (Fujifilm Life Science, Japan). The densities of protein bands were measured using ImageJ software. The antibodies against following protein were purchased from Cell Signaling Technology (Beverly, MA, United States): Smad3 (C67H9) Rabbit mAb, β-actin, GAPDH, Phospho-Smad3 (Ser423/425) (C25A9) Rabbit mAb, Alix (3A9) Mouse mAb, COL1A1 (E8I9Z) Rabbit mAb, α-Smooth Muscle Actin (D4K9N) XP® Rabbit mAb, E-Cadherin (24E10) Rabbit mAb. The antibodies against following protein were purchased from Proteintech (United States): CD63 Polyclonal Antibody, HSP90 Monoclonal Antibody, LAMP2 Monoclonal Antibody, Collagen Type IV Polyclonal Antibody, Fibronectin Polyclonal Antibody, laminin, Aggrecan Polyclonal Antibody, Elastin Polyclonal Antibody, ATP1A1 Polyclonal Antibody, TGF Beta 1 Polyclonal Antibody. The antibody against TSG 101 was purchased from abcam (Cambridge, CB2 0AX, UK). The goat anti-rabbit or anti-mouse HRP conjugated secondary antibodies were purchased from Cell Signaling Technology (Beverly, MA, United States).
Transmission Electron Microscopy and Scanning Electron Microscope
The scanning electron microscopy was used to observe and assess the entrapment of exosomes in ECM surrounding cells. The cells were expanded to confluence in glass slide and continuously cultured for 14 days in DMEM containing 10% FBS, 50 μM ascorbic acid, and 1% penicillin/streptomycin in a 37°C humidified incubator with 5% CO2. Then the cells were fixed in 2.5% glutaraldehyde in PBS (pH 7.4) overnight. After dehydration, critical point drying and spraying, the cells were analyzed with a scanning electron microscope (Hitachi SU8010, Japan). The morphological images of HFF cells were acquired, and the number of exosomes with diameter ranging from 40 to 150 nm surrounding cells was counted.
The transmission electron microscopy was used to observe the morphology of exosomes isolated from liquid ECM by ultracentrifugation. Exosomes were fixed in 2.5% glutaraldehyde in PBS (pH 7.4) overnight. Then the samples were rinsed in PBS and refixed in 1% osmium tetroxide at 4°C overnight. After dehydrated in increasing concentrations of acetone, samples were embedded in epoxy resin. Ultrathin sections were prepared and adsorbed to formvar-coated copper grids. Samples were stained with uranyl acetate and lead citrate and then photographed using Tecnai transmission electron microscope (FEI, United States).
Nanoparticle Tracking Analysis
Exosomes were diluted with PBS to reach the recommended measurement range (106 to 109 particles/mL) and were analyzed using NanoSight NS300 instruments (Malvern Instruments, Inc., UK). The light scattered by the exosomes with laser illumination was captured by a camera and a video file of exosomes moving under Brownian motion was created. The NTA software tracked and analyzed particles individually from 10 to 2000 nm and the Strokes-Einstein equation was used to calculate their particle sizes together with an estimate of the concentration (Dragovic et al., 2011).
Exosomal miRNA Analysis via Next-Generation Sequencing Technology
The next-generation sequencing technology was used to investigate the difference of RNAs content among the different types of exosomes from the media of HFF cells, HFF-Lamp2b cells and hUCMSCs, and from the ECM of HFF-CBD-Lamp2b cells. Small RNA sequencing was serviced by LC Sciences (Hangzhou, Zhejiang, China). The experimental process was performed under the standard steps provided by Illumina, including library preparation and sequencing experiments. Total RNA was extracted and purified using the mirVanaTM miRNA Isolation Kit without phenol (Ambion, United States). TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, United States) were used to construct miRNA sequencing libraries. Total RNAs were ligated with the ligate 3′ and 5′ adapter using T4 RNA ligase (Epicentre, United States) at 28°C for 1 h. The adapter-ligated miRNAs were used as templates to perform PCR amplification and the cDNAs were purified with 6% TBE PAGE gels. The completed libraries’ quality and correctness were evaluated with qRT-PCR, and the high-throughput sequencing of the cDNA was performed on the HiSeq 2,500 (Illumina, United States). Raw reads were subjected to an in-house program ACGT101-miR (LC Sciences, Houston, Texas, United States) to remove adapter dimers, junk, low complexity, common RNA families (rRNA, tRNA, snRNA, snoRNA) and repeats. Then the clean reads were used for the analysis of small RNA data. The spearman’s correlation analysis, principal component analysis (PCA) and heat map analysis were performed to compare the miRNA differences in exosomes from each group.
The Development of PF Model and the Treatment With ECM
C57BL/6 mice (∼25 g, male) were anesthetized by placing them in a chamber containing paper towels soaked with 40% isoflurane solution, and 2 mg/kg mouse of bleomycin (Selleck, United States) in 50 μL of 0.9% saline was administered intratracheally. To study the effect of materials on early fibrosis, we administered total 600 μg liquid ECM with about 25 pmol exosomes with or without miR-29 enrichment in one mouse at the 3rd day after bleomycin treatment and sacrificed the mice at the 14th day. The lungs were harvested for histological, immunohistochemical (IHC) and Western blot analysis.
Histologic, Masson, and Immunohistochemical Analyses
Histologic, Masson and IHC analyses were performed according to the previously reported methods (Qiao et al., 2020) with modifications. For histological analysis, lung sections were stained with haematoxylin and eosin (H&E) and Masson. The antibodies against α-SMA (CST, Beverly, MA, United States), TGF-β (Proteintech, United States) were used for IHC staining in lung tissue sections, the percentage of TGF-β and α-SMA positive area (%) from IHC were quantified by ImageJ software. The stained sections were observed and the images were acquired using a microscope (ZEISS AXIO microscope, Axio Scope A1, United States).
Quantify Degree of Fibrosis With Ashcroft Scoring System
The Ashcroft score was performed according to previously reported method (Ashcroft et al., 1988) to estimate severity of PF. Briefly, a paraffin section of lung stained by haematoxylin and eosin method, was systematically scanned in a microscope using a 10X objective. Each successive field was individually assessed for severity of interstitial fibrosis and allotted a score between 0 and 8 using a predetermined scale of severity. “0” represented normal lung; “1” and “2” represented minimal fibrous thickening of alveolar or bronchiolar walls; “3” and “4” represented moderate thickening of walls without obvious damage to lung architecture; “5” and “6” represented increased fibrosis with definite damage to lung structure and formation of fibrous bands or small fibrous masses; “7” represented severe distortion of structure and large fibrous areas; “8” represented total fibrous obliteration of the field. After examining the whole section the mean score of all the fields was taken as the fibrosis score for the section and was expressed correct to two decimal places.
Hydroxyproline Assay
A HYP assay kit (Nanjing Jiancheng Bioengineering Institute) was used to measure the concentration of HYP in lung tissue samples. The experimental procedure was performed according the instruction. Briefly, the lung tissue (30 mg) was homogenized in 1 ml hydrolysate (95°C water bath for 20 min). After neutralizing the hydrolysates with NaOH, the mixture was diluted to 10 ml with water. Subsequently, the absorbance values of the prepared samples were detected at 550 nm. The results were expressed as μg hydroxyproline/mg wet lung.
Statistical Analysis
All experiments were independently repeated 3 times and all measurements were done at least in triplicates. Statistical significance was determined by unpaired two-tailed student’s t-test (p < 0.05) and one-way ANOVA. p < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, United States).
RESULTS
In this study, we attempted to develop a kind of functional biomaterial containing ECM microenvironment enriched with exosomes for repair of PF. The scheme of this study was shown in Figure 1. First, we overexpressed the fusion protein CBD-Lamp2b in HFF cells to entrap the secreted exosomes in ECM surrounding the cells by the binding of CBD on exosomal membrane with the collagen I in ECM. The expression cassette of the modified Lamp2b protein was shown in Supplementary Figure S1. Second, to obtain the liquid exosomes-enriched ECM without destroying the exosomal membrane, we performed repeated freeze-thaw method to remove cell contents and dissolve the decellularized ECM in PBS. Third, to endow the function of this biomaterial on PF therapy, we overexpressed miR-29 into the host HFF cells from which the miR-29-loaded exosomes (mi29-Exo) were generated. Finally, miR-29-loaded exosomes-enriched ECM (mi29-Exo-ECM) biomaterial was produced and applied for PF repair in vivo.
[image: Figure 1]FIGURE 1 | The scheme of this study includes four main steps: 1) construction of HFF cell lines that stably expressing CBD-Lamp2b and miR-29; 2) enrichment of CBD-exosomes in ECM; 3) production of liquid ECM; 4) treatment of pulmonary fibrosis mice with mi29-Exo-ECM biomaterial.
Enrichment of Exosomes Surrounding the Host Cells
To entrap exosomes in ECM of host cells, according to the methods from previous researches (Alvarez-Erviti et al., 2011; Zhang et al., 2019), we fused a targeting peptide CBD with the extra-exosomal N-terminus of Lamp2b and overexpressed this fusion protein in host cells (Supplementary Figure S1). Since the heptapeptide CBD derived from collagenase can specifically bind to collagen I in ECM, we expect that the fused CBD in exosome membrane protein Lamp2b can lead to the entrapment of exosomes in ECM. The overexpression of CBD-Lamp2b fusion protein in HFF was confirmed by the results of qRT-PCR and Western blot analysis (Figures 2A–C).
[image: Figure 2]FIGURE 2 | Enrichment of exosomes surrounding the host cells. Overexpression of Lamp2b in HFF cells determined by (A) qRT-PCR and (B) Western blot. (C) Relative expression level of Lamp2b was quantified. The β-actin was used as an internal control. (D) Representative SEM images of indicated cell surface. The red arrows indicate the exosomes surrounding the host cells. Scale bar = 250 nm. (E) The number of exosomes in the view. (F) Western blot analysis of exosomal markers and ECM markers in indicated cells. (G) The NTA analysis of exosomal number in cell culture supernatants. Data are represented as mean ± SD (n = 3). ANOVA was performed; “***”: p < 0.001.
To investigate whether modified exosomes could be entrapped and enriched into the ECM surrounding HFF cells, we first assessed and measured the number of exosomes surrounding the host HFF cells exhibited in morphological images acquired by SEM (Figure 2D). We found that more exosomes (extracellular vesicles with 40–150 nm of diameter) were attached on the surface of HFF-CBD-Lamp2b cells than them on surfaces of the HFF-Lamp2b and HFF cells (Figure 2E). In addition, we further examined the expression levels of exosomes markers (Hsp90, TSG101, and CD63) in the whole proteins of cells by Western blot. We found that the expression levels of Hsp90, TSG101, and CD63 were higher in HFF-CBD-Lamp2b cells than them in HFF cells and HFF-Lamp2b cells when the protein levels of ECM markers (fibronectin, collagen I, laminin, and aggrecan) and internal control of β-actin are almost same (Figure 2F and Supplementary Figure S2). The exosomal particle number measurement by NTA showed that there were less number of exosomes in the supernatant of HFF-CBD-Lamp2b cells than them in the supernatants of HFF cells and HFF-Lamp2b cells (Figure 2G). These results suggest that the CBD-Lamp2b fusion protein preferentially entraps the exosomes in the ECM around host cells.
Preparation and Characterization of Exosomes Enriched in ECM
To verify that the ectopic expression of CBD-Lamp2b fusion protein can entrap the exosomes into the ECM of host cells and the exosomes can be enriched by liquid ECM preparation, we developed a repeated freeze-thaw approach to obtain the liquid ECM without destroying the membrane structure of exosomes (Lu et al., 2011, 2012; Fernández-Pérez and Ahearne, 2019; Li et al., 2019). The results from Western blot confirmed that the liquid ECM was successfully prepared by assessment of the ECM components such as collagen I, collagen IV, fibronectin, laminin, aggrecan and elastin from liquid ECM and whole cell protein (Figure 3A). Since the GAPDH is a conserved protein localized in cytoplasm, the lack of GAPDH expression in ECM indicated the success of decellularization (Figure 3A).
[image: Figure 3]FIGURE 3 | Preparation and characterization of exosomes enriched in ECM. (A) The markers of liquid ECM were determined by Western blot. (B) TEM images for exosome morphology. (C) NTA analysis of particle size, and (D) Western blot analysis for exosomal markers of exosomes entrapped in ECM from HFF-CBD-Lamp2b cells and those secreted in supernatant from HFF cells. Scale bar = 100 nm.
To verify the quality of exosomes in the liquid ECM, we characterized the exosomes entrapped in ECM from HFF-CBD-Lamp2b cells compared to those secreted in supernatant from HFF cells by the analysis of Western blot, TEM and NTA. The results from TEM image and NTA analysis showed that the particle of exosomes enriched in ECM has the size around 130 nm diameters that was almost the same as the size of exosomes secreted in medium. Exosomes in both ECM and medium had the similar biofilm structures that were consistent with those previously reported (Figures 3B,C) (Alvarez-Erviti et al., 2011; Wu et al., 2020). The results from Western blot confirmed the enrichment of exosomes in ECM by the detection of exosomal markers such as CD63, Hsp90, Tsg101, and Alix (Figure 3D).
To further investigate the quality of exosomes enriched in ECM, we profiled the exosomal miRNAs using next-generation sequencing technology and compared the miRNAs in ECM exosomes from HFF-CBD-Lamp2b cells with those in medium exosomes from HFF cells, HFF-Lamp2b cells and hUCMSCs by spearman correlation analysis, principal component analysis (PCA) and heatmap analysis. The results from spearman correlation analysis showed the correlation coefficients between any two exosome samples from HFF cells medium, HFF-Lamp2b cells medium and from HFF-CBD-Lamp2b cells ECM had a high correlation (R > 0.75); however, the exosomes from HFF-CBD-Lamp2b cells ECM, from the media of HFF and HFF-Lamp2b had a low correlation (R < 0.5) with the exosomes from the medium of hUCMSCs (Figure 4A). The PCA showed that the distribution of exosomes from the media of HFF cells and HFF-Lamp2b cells, and the ECM of HFF-CBD-Lamp2b cells were different from the exosomes from hUCMSCs medium. The exosomes from hUCMSCs medium strayed far from the other three types of exosomes (Figure 4B). These results indicated that the miRNAs from these three types of exosomes were similar and high correlation. The results from heatmap analysis (Figure 4C) also demonstrated that the exosomes from the media of HFF and HFF-Lamp2b cells, and from the ECM of HFF-CBD-Lamp2b showed similar expression pattern compared to the exosomes from hUCMSCs medium. We found that the expression levels of 154 kinds of miRNAs from exosomes in the media of HFF and HFF-Lamp2b cells, and in the ECM of HFF-CBD-Lamp2b were significantly different compared with miRNAs levels from exosomes in hUCMSCs medium. Among the differentially expressed miRNAs, 104 miRNAs were up-regulated (fold change > 2) and 50 miRNAs were down-regulated (fold change < 0.5) in exosomes from hUCMSCs medium as compared to the other three exosomes (Figure 4C). The heatmap of miRNA expression showed high inter-group similarity for the exosomes from the media of HFF and HFF-Lamp2b cells, and the exosomes from ECM of HFF-CBD-Lamp2b. Overall, overexpression of CBD-Lamp2b will not change the quality of exosomes enriched in ECM compared to the exosomes in the media of HFF host cells.
[image: Figure 4]FIGURE 4 | The comparison of exosomal miRNAs from ECM or media derived from HFF-CBD-Lamp2b cells, HFF cells, HFF-Lamp2b cells and hUCMSCs. (A) Spearman’s correlation analysis. (B) Principal component analysis was used to investigate the differences of exosomal miRNA from indicated samples. (C) The heatmap was used to show the expression of different miRNAs from indicated samples (red color means upregulation; green color means downregulation).
Mi29-Exo-ECM Biomaterial Inhibited TGF-β-Induced Accumulation of Collagen I in Vitro
PF is associated with an excessive accumulation of collagens (He et al., 2013). It is well-known that the miR-29 is a major regulator of genes associated with PF (Xiao et al., 2012; Montgomery et al., 2014). Overexpression of miR-29 can negatively regulate TGF-β expression and Smad3 signaling activation that are correlated with the severity of the fibrosis (Cushing et al., 2011; He et al., 2013). Here, the miR-29 was overexpressed in HFF-CBD-Lamp2b cells to produce the liquid mi29-Exo-ECM. The result from qRT-PCR analysis (Figure 5A) showed that the expression levels of miR-29 in mi29-Exo-ECM were significantly higher than them in control Exo-ECM that was derived from HFF-CBD-Lamp2b cells without miR-29 ectopic expression. To evaluate whether mi29-Exo-ECM biomaterial can function on PF, we first investigate its function on reduction of collagen I, α-SMA (alpha-smooth muscle actin) expression and inactivation of Smad3 in TGF-β-induced NIH 3T3 cells. The TGF-β treatment clearly increased the expression of collagen I, α-SMA and phosphorylation of Smad3 (p-Smad3) in NIH 3T3 cells; only the mi29-Exo-ECM effectively reduced the levels of p-Smad3, collagens I and α-SMA in TGF-β-induced NIH 3T3 cells compared to the Exo-ECM (Figures 5B–E and Supplementary Figures S3A,B). Meanwhile, mi29-Exo-ECM could significantly down regulate the mRNA levels of Col1a1 and Col3a1 that were generally highly expressed in NIH 3T3 cells (Supplementary Figures S3C,D).
[image: Figure 5]FIGURE 5 | Mi29-Exo-ECM inhibited TGF-β-induced accumulation of collagen I in NIH 3T3 cells. (A) Expression level of miR-29 in mi29-Exo-ECM was determined by qRT-PCR. “Exo-ECM”: exosomes from ECM of HFF-CBD-Lamp2b cells; “mi29-Exo-ECM”: exosomes from mi29-Exo-ECM. Data are represented as mean ± SD (n = 3). Student’s t-test was performed; “**”: p < 0.01. (B) The changes of collagen I protein levels and phosphorylation levels of Smad3 were analyzed by Western blot. Relative expression levels of Smad3 (C), p-Smad3/Smad3 (D), collagen I (E) were quantified. The GAPDH was used as an internal control. “Control”: NIH 3T3 cells; “TGF-β”: TGF-β-induced NIH 3T3 cells; “Exo-ECM”: Exo-ECM treatment; “mi29-Exo-ECM”: mi29-Exo-ECM treatment; Data are represented as mean ± SD (n = 3). ANOVA was performed; “*”: p < 0.05; “**”: p < 0.01.
Local Administration of Liquid mi29-Exo-ECM Efficiently Reduce PF in Vivo
To confirm the therapeutic potential of mi29-Exo-ECM for PF in vivo, bleomycin-induced PF mice were intratracheally administered with total 600 μg liquid ECM with about 25 pmol exosomes with or without miR-29 enrichment, mi29-Exo-ECM or Exo-ECM. After 11 days of treatment, the mice were sacrificed and the lung tissues were harvested for H&E, Masson and IHC staining, and Western blot analysis. The upregulations of TGF-β and α-SMA are well known critical markers of tissue epithelial-mesenchymal transition (EMT) and PF (Cushing et al., 2011; Lemoinne et al., 2016). The results from H&E, Masson staining, and IHC analysis for TGF-β and α-SMA showed that the bleomycin treatment successfully caused the fibrosis and upregulation of TGF-β and α-SMA in lung lesion areas in mice, and mi29-Exo-ECM treatment dramatically restored lung textures from fibrosis and decreased the expression levels of TGF-β and α-SMA compared to Exo-ECM treatment (Figure 6A and Supplementary Figure S7). The Western blot assay further demonstrated that the mi29-Exo-ECM reduced the expression levels of collagen I, TGF-β and α-SMA in PF tissues of mice (Figures 6B–E). Treatment with mi29-Exo-ECM lowered the Ashcroft scores significantly and down-regulated the levels of HYP in lungs in bleomycin-induced PF mice (Supplementary Figures S5, S6). These results were consistent with those observed in the pathological sections, which suggested that the mi29-Exo-ECM treatment restored lung textures from fibrosis. Overall, the results from Figure 6; Supplementary Figures S5, S6 indicated that mi29-Exo-ECM showed the good repair effect on PF in vivo due to the enriched exosomes loaded with miR-29.
[image: Figure 6]FIGURE 6 | Pulmonary fibrosis therapeutic potential of mi29-Exo-ECM biomaterial. (A) H&E staining, Masson staining and IHC of lung tissues from mice treated with BLM, Exo-ECM biomaterial, mi29-Exo-ECM biomaterial. Scale bar = 1,000 μm. (B) The changes of collagen I, TGF-β and α-SMA protein levels in pulmonary fibrosis mice after treated with mi29-Exo-ECM biomaterial. Relative expression levels of collagen I (C), TGF-β (D), α-SMA (E) were quantified. “Control”: no treatment mice; “BLM”: bleomycin-induced pulmonary fibrosis mice model; “Exo-ECM”: Exo-ECM treatment; “mi29-Exo-ECM”: mi29-Exo-ECM treatment; Data are represented as mean ± SD (n = 5). ANOVA was performed; “*”: p < 0.05; “**”: p < 0.01; “***”: p < 0.001.
DISCUSSION
In this study, we successfully developed a type of functional ECM biomaterial enriched with miR-29-loaded exosomes and investigated the therapeutic effect of the biomaterials on PF. This biomaterial has some features as follows: 1) the liquid ECM biomaterial can entrap and enrich exosomes and provide an appropriate environment for exosomes to maintain the stability and to function; 2) as a carrier, exosomes can deliver small RNAs and protect them from degradation; 3) the overexpressed miR-29 can be recruited in and delivered by exosomes to function on the lesion of PF.
PF is a high mortality lung disease and no current treatment has proved effective to cure the disease. Many studies demonstrated that PF is associated with the abnormal activity of alveolar epithelial cells (AECs). These cells produce myofibroblast foci via stimulating the epithelial to mesenchymal transition (EMT) (Korfei et al., 2008; King Jr et al., 2011). In myofibroblast foci, the fibroblast secretes excessive amounts of ECM, mainly collagens, leading to scarring and destruction of the lung architecture (Gross and Hunninghake, 2001; King Jr et al., 2011; Martinez et al., 2017; Richeldi et al., 2017; Lederer and Martinez, 2018). Since TGF-β/Smad3 signaling is a critical factor for ECM gene expression, regulation of this signaling has been considered a potential approach for treatment of PF (Cushing et al., 2011; Xiao et al., 2012; He et al., 2013; Montgomery et al., 2014). For example, TGF-β antisense oligonucleotides has been delivered and targeted to lung to treat PF (Kim et al., 2020). In PF, TGF-β suppressed the level of miR-29 leading to the overexpression of collagens-related genes suggesting that miR-29 is an important mediator of TGF-β/Smad3 signaling. Moreover, it was reported that there was a complex feedback regulatory relationship between miR-29 and TGF-β/Smad3 signaling (Cushing et al., 2015). Sleeping beauty (SB)-mediated miR-29 gene transfection has proved effective to prevent and treat PF induced by bleomycin in mice (Xiao et al., 2012). Recent studies showed that miR-29 could regulate ECM production and deposition to alleviate PF treatment (Cushing et al., 2011; Cushing et al., 2015). According to the past studies, miR-29 has been proved to act as a “master fibro-miRNA” regulator to be involved in fibrosis (Deng et al., 2017). In PF, the down regulation of miR-29 level is negatively related to fibrosis and the expression level of profibrotic genes, such as Col1a1 and Col3a1 (Cushing et al., 2011; Xiao et al., 2012). MiR-29 plays a critical role in TGF-β-induced ECM production by activating the phosphatidyl inositol 3-kinase (PI3K)/protein kinase B (AKT) pathway and the Wnt/β-catenin pathway in human lung fibroblasts (Deng et al., 2017). Many previous studies showed that therapeutic delivery of miR-29 for PF decreased collagen expression and reversed PF (Cushing et al., 2011; Montgomery et al., 2014). MiR-29 is likely to become a new target in the diagnosis and evaluation of PF, as well as a new perspective and direction in which to search for new therapeutic targets of fibrosis.
It is well known that miRNAs have great potential for clinical therapy. However, direct administration of miRNAs in the body would face the problems of rapid diffusion and RNA enzyme degradation, which leads to shorter treatment duration. Therefore, package by liposomes, polymer nanoparticles, or virus can protect miRNAs from enzyme degradation and diffusion, and can prolong and enhance its function (Sercombe et al., 2015; Ha et al., 2016). Unlike typical nanoparticulate systems such as liposomes, polymeric nanoparticles or virus, exosomes are natural carriers for microRNA delivery and can deliver cargoes such as small RNAs directly into the cytoplasm potentially avoiding the endosomal pathway and lysosomal degradation, and therefore enhanced the transfection efficiency of small RNAs (Ha et al., 2016). For this great merit, exosomes have proved to offer a potential new paradigm in treatment of diseases.
Exosomes were secreted by most cells and distributed in different bodily fluids (e.g., blood, urine, and saliva) (Boriachek et al., 2018). However, how to isolate exosome remains an obstacle for it application. Existing methods for exosome isolation mainly rely on a large collection of medium and heavy ultracentrifugation. Although the ultracentrifugation-based methods were currently considered as the gold standard of exosome isolation, it had some disadvantages such as high equipment cost, time-consuming, large sample volume required, low recovery, and purity (Li P. et al., 2017). Other separation methods currently developed include sucrose-gradient centrifugation, coprecipitation, size-exclusion chromatography, and field flow fractionation. Their advantages have been reported, such as easy and user-friendly processing, high yield, wide variety of eluents and broad separation range. However, they also faced the problems of lengthy duration and fractionation equipment required (Xu et al., 2016; Coumans et al., 2017; Shao et al., 2018). To optimize exosome isolation, we attempted to develop a novel method to entrap and enrich the secreted exosomes to ECM of cell surface and to reduce their diffusion in the medium during long time cell culture. CBD is a heptapeptide (TKKTLRT) derived from collagenase and could specifically bind to collagen I, one of the main compounds in ECM (Jiang et al., 2019; Zhang et al., 2019). In our previous study, we overexpressed fusion proteins CBD-IDE and CBD-MME in HFF cells and developed a type of liquid ECM biomaterial enriched with CBD-IDE and CBD-MME relying on the binding of CBD and collagen I in ECM. This biomaterial successfully reduced the Aβ accumulation and Tau phosphorylation in AD cell models (Zhang et al., 2019). Lamp2b was a protein found abundantly in exosomal membranes (Alvarez-Erviti et al., 2011). By fusing CBD to the extra-exosomal N terminus of Lamp2b, the secreted exosomes were entrapped in ECM surrounding the host cells via the binding of CBD on external membrane of exosomes and collagen I in ECM. In this case, exosomes can be enriched in ECM and easily isolated by collecting the liquid ECM.
In this study, we enriched the miR-29 into exosomes and entrapped exosomes into ECM by overexpressing miR-29 and CBD-Lamp2b in HFF host cells, and produced the functional ECM biomaterial enriched with miR-29-loaded exosomes through the repeated freeze-thaw method without destroying the exosome membrane. Finally, this composite mi29-Exo-ECM was used for the repair of PF and showed a good treatment effect. This novel mi29-Exo-ECM biomaterial has the following merits: 1) miR-29 is a potential regulator for therapy of PF; 2) as a natural vehicle, exosome can prevent miRNA from enzymatic hydrolysis, facilitate the spread of RNA over long distance, and increase the duration of RNA function; 3) ECM plays a positive role in improving the disease microenvironment and contributes to the repair of tissue wound (Hou et al., 2016; Li J. et al., 2017; Zhang et al., 2019); 4) ECM provides appropriate environment for the collection and function of exosomes.
Although the liquid mi29-Exo-ECM had a good effect on the treatment of PF, there were still some problems that need to be further solved in the future, such as multiple dosing modalities and intervals to achieve optimal treatment outcomes, and the quantification of miR-29 in exosomes to facilitate drug administration consistency. In this study, to preserve the integrity of exosomes enriched in the ECM around HFF cells, the repeated freeze-thaw method was used to prepare the decellularized ECM. Our results confirmed the integrity and enrichment of exosomes in liquid ECM. However, the cell membrane components are hardly removed completely, which may affect the quality assessment of mi29-Exo-ECM. In this study, the miR-29 was enriched in exosomes by simply overexpressing miR-29 in the host cells. In the future, more efficient approaches should be developed for orientated enrichment by the specific binding between special peptide fused in inner membrane proteins of exosome and RNA fragment integrated in miR-29.
CONCLUSION
In conclusion, our proof-of-concept study first demonstrated that exosomes could be enriched in ECM by overexpression of fusion gene CBD-Lamp2b in host cells. Based on this novel strategy, we developed a kind of functional biomaterial containing liquid natural ECM enriched with miR-29-loaded exosomes for PF treatment. The liquid ECM provides an appropriate microenvironment for exosomes function in the foci of damaged tissues, and the exosome is ideal natural carrier for miRNAs delivery for therapeutic purpose. This functional biomaterial provides a promising platform for gene therapy that could potentially be applied to treat different diseases by loading different functional miRNAs in exosomes that can be enriched in the liquid ECM.
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Excessive secretion of airway mucus and fluid accumulation are the common features of many respiratory diseases, which, in turn, induce cell hypoxia in the airway epithelium, resulting in epithelial–mesenchymal transition (EMT) and ultimately fibrosis. However, the mechanisms of EMT induced by hypoxia in the airway are currently unclear. To mimic the status of edematous fluid retention in the airway, we cultured primary mouse tracheal epithelial cells (MTECs) in a liquid–liquid interface (LLI) mode after full differentiation in a classic air–liquid interface (ALI) culture system. The cell hypoxia was verified by the physical characteristics and lactate production in cultured medium as well as HIF expression in MTECs cultured by LLI mode. EMT was evidenced and mainly mediated by basal cells, supported by flow cytometry and immunofluorescence assay. The differently expressed genes of basal and other airway epithelial cells were found to be enriched in the ribosome by our analysis of an MTEC single-cell RNA sequencing data set and Myc, the global regulator of ribosome biogenesis was identified to be highly expressed in basal cells. We next separated basal cells from bulk MTECs by flow cytometry, and the real-time PCR results showed that ribosome biogenesis was significantly upregulated in basal cells, whereas the inhibition of ribosome biogenesis alleviated the phosphorylation of the mammalian target of rapamycin/AKT and abrogated hypoxia-induced EMT in MTECs. Collectively, these observations strongly suggest that basal cells in the airway epithelium may mediate the process of hypoxia-induced EMT, partly through enhancing ribosome biogenesis.
Keywords: hypoxia, MTECs, basal cells, EMT, ribosome
INTRODUCTION
Oxygen is essential for human survival, deficiency in the supplement of which may lead to the injury of cell, tissue, and organ, even organism death. Hypoxic conditions are involved in cancers, stroke, and cardiovascular and chronic respiratory diseases (Semenza, 2011; Befani and Liakos, 2018). Hypersecretion of mucus in asthma/cystic fibrosis and the untimely clearance of fluid in chronic obstructive pulmonary disease can induce hypoxia in the airway epithelium (Place et al., 2017; Hou et al., 2020a). However, much is still not very clear about the relative mechanisms of hypoxia on chronic respiratory diseases.
Researchers never stopped exploring the effect of hypoxia on respiratory diseases, and various physical/chemical hypoxia models were established. Lowering the oxygen level in a CO2 incubator or chamber is the optimal method to induce hypoxia, which has been widely used in in vitro and in vivo experiments as an important physical method for the decrease of oxygen concentration (Polosukhin et al., 2011; Yee et al., 2016; Chen et al., 2020). According to Fick’s First Law (F = D × ∆C/∆x), the diffusion velocity (F) of a gas through a medium is positively correlated with the concentration gradient of the gas on either side of the medium (ΔC), and negatively correlated with the thickness of the medium (Δx) (Place et al., 2017). As a replacement method for the abovementioned hypoxia incubator in our experiment, excessive culture medium can mimic the retention of fluid in the airway under pathological conditions, which also generates a hypoxic condition for cells by increasing the thickness (Δx) of the medium and ultimately decreasing the diffusion velocity (F) of oxygen (Gerovac et al., 2014).
Epithelial–mesenchymal transition (EMT) is considered to be a main driving force during fibrosis, a process that loses epithelial cell identities and acquires mesenchymal cell features (Rout-Pitt et al., 2018; Bakir et al., 2020). Hypoxia can induce EMT and ultimately fibrosis formation in asthma, chronic obstructive pulmonary disease, etc., seriously affecting the patients’ respiratory function (Broytman et al., 2015; Zhou et al., 2020). Previous studies report that many pathways/factors are involved in the process of EMT, including AKT, the mammalian target of rapamycin (mTOR) signal pathway, transcription factors, epigenetic modifications, microRNAs, long noncoding RNAs, ribosomes, and so on (Karimi Roshan et al. 2019, Georgakopoulos-Soares et al. 2020). Of note, ribosome is composed of ribosome protein and RNA, and besides the typical role of cellular protein synthesis, numerous recent studies prove that ribosome proteins (S15a, S19, L14, and L22) are necessary for the EMT process (Chen et al., 2018; Wang et al., 2018; Feng et al., 2019; Liu et al., 2019; Prakash et al., 2019; Dermit et al., 2020). Furthermore, studies show that the enhanced ribosome biogenesis in the protrusions significantly strengthen the migration of cells, whereas the role of ribosome biogenesis in the airway hypoxia-induced EMT process is not fully understood (Dermit et al., 2020).
As a ribosome-associated unit, mTOR complex 2 (mTORC2) belongs to the mTOR kinase family and is composed of mTOR, mLST8, and rictor (Fu and Hall, 2020). It is reported that ribosome binds and activates mTORC2 by the association of rictor and/or mSIN1 binding to the 60S subunit of the ribosome (Zinzalla et al., 2011). Meanwhile, it is reported that the activation of mTORC2 is predominantly achieved by mTOR phosphorylated in Ser2481 (Copp et al., 2009). Recent studies show that ribosome biogenesis fuels EMT by increasing the recruitment of rictor to nucleus and the consequently activated mTORC2 phosphorylated the AKT at Ser473 (Zong et al., 2014; Prakash et al., 2019).
Primary cultured mouse tracheal epithelial cells (MTECs) originate from the proximal trachea and are composed of basal, goblet, club, ciliated, tuft, KRT13/4+, pulmonary neuroendocrine epithelial cells and ionocytes (Montoro et al., 2018). Due to the consistency with the morphology, physiology, transcriptional character, and cell types with tracheal epithelium in vivo, MTECs are widely applied in toxicity, viruses, and pharmacology-related experiments (Davidson et al., 2000; Horani et al., 2013; Hou et al., 2019; Ruiz Garcia et al., 2019; Carraro et al., 2021). In this study, we explore the mechanism of the hypoxia-induced EMT process by analyzing the single-cell sequencing data set of MTECs and culturing them in a liquid–liquid interface (LLI) mode to mimic the pathological status of respiratory diseases. Our data demonstrate that EMT occurs mainly in basal cells and is partly attributed to ribosome biogenesis under hypoxia, which provides a novel insight into hypoxia-related fibrosis of chronic respiratory diseases.
METHODS AND MATERIALS
Cell Culture and Hypoxia Model
All experiments involving animals were performed in accordance with the guidelines and regulations of the Animal Care and Use Ethics Committee, China Medical University. The experimental protocols were approved by China Medical University, and the certificate number is SYXK (Liao) 2018-0008. Isolation and culture of MTECs have been described previously (Hou et al., 2019; Hou et al., 2020b). Briefly, we isolated the trachea from diazepam (17.5 mg kg−1 intraperitoneally) followed 6 min later by ketamine (450 mg kg−1 intraperitoneally) anesthetized mice and digested it with 0.1% protease ⅩⅣ and 0.01% DNase I (Sigma, St. Louis, MO, United States) in high-glucose DMEM containing 1% FBS (Gibco, New York, NY, United States) at 4°C on a horizontal rotator for 24 h. Cells were collected by the centrifugation of supernatant after the tracheal bones were sucked out and seeded at a density at 3.0 × 105/cm2 on a collagen I (Gibco, New York, NY, United States) precoated transwell insert (3413, Corning-Costar, Lowell, MA, United States). The basolateral culture medium was changed every other day, and the apical culture medium was discarded to establish the air–liquid interface (ALI) culture mode after the transmembrane resistance was higher than 1000 Ω*cm2 measured by an epithelial voltohmmeter (WPI, Sarasota, FL, United States). After being cultured in this mode for another 13–15 days, MTECs in the LLI groups were treated by administration of 150 μl culture medium to the apical side for hypoxia cell model establishment. Ribosome biogenesis was inhibited by administration of 100 nM CX-5461 (Adooq, Irvine, CA, United States).
The H441 cell line was derived from human Clara cells found in the bronchiolar epithelium and grown in a six-well plate with 2 ml medium containing 10% FBS and 1% penicillin/streptomycin, whereas 8 ml medium or CoCl2 (300 μM), a chemical inducer of hypoxia by replacing the Fe2+ with Co2+ in the catalytic center of prolyl hydroxylase domain proteins (Muñoz-Sánchez and Chánez-Cárdenas, 2019), was administrated after the H441 cells reached 80% confluence. The H441 cell line was purchased from American type culture collection and passaged fewer than 30 times.
Determination of Lactic Acid
The MTEC culture medium was collected on 0, 2, 4, and 8 days after the LLI culture, respectively. The lactate concentration was determined by a lactic content assay kit (Solarbio, Beijing, China), according to the manufacturer’s manual. Lactate production was normalized with the cell number.
Morphology Studies
MTECs were fixed in 4% paraformaldehyde, dehydrated in 30% sucrose, embedded in optimal cutting temperature compound, and cut into 8 μm slices. HE staining was performed by the HE staining kit (Solarbio, Beijing, China) according to the manufacturer’s instructions.
For the immunofluorescence assay, Triton-100 (0.1%) was employed to permeabilize the cell membrane. To visualize the cells, we first incubated MTECs with Vimentin and Krt5 primary antibody at 4°C overnight and then with secondary antibodies for 90 min at room temperature. The nucleus was stained by DAPI, and all processes were done in a dark humidifying box.
Western Blot Assay
Equivalent protein extracted from MTECs by RIPA was separated on SDS-page after the concentration was determined by a BCA kit (Solarbio, Beijing, China) and transblotted onto 0.45 μm PVDF membranes (Invitrogen, Waltham, MA, United States), which were blocked by 5% BSA for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. Before and after the incubation with secondary antibodies, membranes were washed three times with TBST for 10-min intervals. The sources and dilution of all antibodies are listed in Supplementary Table S1. The images were developed by the ECL kit (Tanon, Shanghai, China) and analyzed with Image J software.
Real-Time PCR Experiment
RNA was extracted by TRIzol reagent (Invitrogen, Waltham, MA, United States), and 500 ng RNA was used as a template for reverse transcription using the PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Kusatsu, Shiga, Japan) after the concentration was determined by spectrophotometry at 260 nm. Reaction for all primers was performed using a single cycle of 95°C for 0.5 min, followed by 40 cycles of 95°C for 5 s, and 60°C for 34 s in the ABI 7500 real-time PCR System. Specific mRNA primers were validated by PrimerBank (https://pga.mgh.harvard.edu/primerbank/index.html), and to test the specificity of rRNA primers, products after real-time PCR were also loaded onto 1.2% agarose gel and visualized under ultraviolet light (Supplementary Figure S1). All primers are listed in Supplementary Table S2. Relative expression of RNA was calculated by 2−ΔΔCT, and Actb (β-actin) was used as an internal reference.
Bioinformatics Analysis
The MTEC data set (GSE103354) consisted of airway epithelial cells from six healthy mice and was downloaded from the Gene Expression Omnibus database. Suerat v3 was used to analyze single-cell sequencing data, which were filtered by number of detected genes (50 < ngenes < 3200) and mitochondrial percentage (mito. pc < 5%). The filtered gene–barcode matrix was first normalized using the “LogNormalize” methods in Seurat v.3 with default parameters, and the top 1500 variable genes were then identified using the “vst” method in Seurat FindVariableFeatures function. Principal component analysis (PCA) was performed using the top 20 principal components, and the resolution was set to 0.15 to obtain a finer result in FindCluster process. The cells were annotated by classical markers of different cell types and visualized by t-distributed stochastic neighbor embedding (t-SNE) (Supplementary Figure S2). Differentiation of gene expression levels in MTECs between basal and other cells were achieved by using Student’s t-test (FindAllMarkers function), whereas the min. pct was set to 0.01. KEGG was employed to analyze the enrichment of basal cell–specific expressed genes with default parameters. It was considered significant if Bonferroni adjusted P (p. adj) was less than .05.
Flow Cytometry and Cell Sorting
MTECs were digested by trypsin-EDTA after being washed by PBS twice. Isolated MTECs were fixed with 4% paraformaldehyde for 15 min, permeabilized with Triton-100, blocked with 5% BSA in PBS before being incubated with primary and secondary antibodies, and the cell ratio was tested. For cell sorting, isolated MTECs were fixed and permeabilized with methanol, blocked with 5% BSA in PBS, incubated with Krt5, and sorted in flow cytometry (BD Arial Ⅱ). Antibodies are also listed in Supplementary Table S1.
Statistical Analysis
Data are presented as the mean ± SE. We evaluated the power of the sample size first to meet p < .05. The differences between groups were tested by Student’s t-test or one-way analysis of variance (ANOVA) followed by Bonferroni’s test for all the groups of the experiment after the data passed the normality (Shapiro-Wilk) and homoscedasticity (Levene) tests. If the data did not pass the normality and homoscedasticity tests, a nonparametric t-test (Mann–Whitney U-test) was used to compare the differences between groups. Statistical analysis was performed with Origin 8.0.
RESULTS
Hypoxia Model Establishment
To protect the airway from pathogens, the thin surface liquid layer lining on the mammalian epithelium of the airway is necessary for cilium beating and contaminant clearance, which also exists in MTECs. Due to various pathological causes in chronic respiratory diseases, the fluid retention in the airway/MTECs may result in epithelium hypoxia (Place et al., 2017; Hou et al., 2020a). In this experiment, we established a hypoxia model in vitro to mimic the abovementioned pathophysiology status. According to Fick’s first law, the velocity of the oxygen supplement was reduced by about 300 times after the culture mode of MTECs was changed from ALI to LLI (Figure 1A) and equal to that in a hypoxia incubator at 0.07% oxygen concentration, just between 0% and 1% oxygen concentration that was often employed in in vitro hypoxia-related respiratory studies (Planès et al., 1997; Polosukhin et al., 2011; Gerovac et al., 2014).
[image: Figure 1]FIGURE 1 | Hypoxia model of MTECs established. (A) A schematic diagram highlighting the distance of oxygen diffusion (Δx) was different in ALI and LLI mode. The thickness of airway surface liquid was about 8 μm in ALI mode and 4550 μm in LLI mode. (B–D) Color, pH, and lactate production of MTEC medium after 0, 2, 4, and 8 days’ LLI culture. ***p < .001, compared with the 0 day group, n = 3–6. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance. (E) Representative graph of hypoxia-inducible factors (HIFs) after different time intervals in LLI mode. (F–H) The statistical data of HIF1α and HIF 2α in the mode of LLI culture. *p < .05, **p < .01, ***p < .001, compared with ALI mode (0 h/d), n = 3–4. Mann–Whitney U test was used to analyze the difference of the means for significance in (F) and (G), One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance in (H).
To further identify the hypoxia of MTECs, we observed the physical characteristics and lactate production of culture medium. As shown in Figure 1B, the color of medium in LLI mode was yellow, which showed pink in ALI mode, consistent with the pH manifestation in both conditions (Figure 1C). To quantify the difference in physical characteristics, the lactate production was measured, which showed higher in LLI groups (2, 4, and 8 days) than that in the ALI group (0 days, Figure 1D). As the indicator of hypoxia, HIF1α significantly increased within several hours after the MTEC culture mode was changed from ALI to LLI, whereas it decreased after being cultured for another several days. As for HIF2α, a prolonged increase happened on 2 and 4 days of LLI culture (Figures 1E–H). Meanwhile, excessive culture medium for submerged cells may be another theoretical hypoxia model in vitro according to Fick’s first law. As expected, HIF1α significantly increased in H441 cells submerged with 8 ml (6 ml redundant) of medium in a six-well plate with CoCl2 (300 μM, a chemical inducer of HIF1α) as the positive control (Supplementary Figure S3).
Hypoxia Induces EMT in MTECs
To confirm the hypoxia induces EMT in respiratory epithelial cells, we applied a morphology assay and found that the type of MTECs close to the basolateral side was converted from cubic in ALI mode to spindle after 4 days’ LLI culture (Figure 2A). Additionally, the decreased/increased protein expression levels of epithelial/mesenchymal cell markers indicated the occurrence of EMT under hypoxia, which were also supported by the data from transcription level (Figures 2B–E,2G–I).
[image: Figure 2]FIGURE 2 | MTECs underwent EMT in the mode of LLI culture. (A) HE staining of MTECs after 0, 2, 4, and 8 days’ (d) LLI culture with the arrowheads indicating the representative cells in each panel. Scale bar = 10 μm. (B) Representative graph of EMT markers (E-cadherin, Vimentin, and α-SMA) and Krt5 after 0, 2, 4, and 8 days’ LLI culture. (C–F) The statistical data of EMT markers and Krt5 in the mode of LLI culture. *p < .05, compared with ALI group (0 days), n = 4. (G–J) Real-time PCR results for EMT marker and Krt5 mRNAs, and β-actin was used as internal reference. *p < .05, compared with ALI (0 days), n = 4–5. Mann–Whitney U test was used to analyze the difference of the means for significance.
Basal Cells Contribute to EMT Under Hypoxia
The hyperplasia of basal cells after hypoxia was observed in our study (Figures 2B,F,J), implying the involvement of basal cells in hypoxia-induced EMT. Consequently, our flow cytometry result identified that the Krt5 and Vimentin (basal and mesenchymal marker, respectively) positive cells both increased in LLI mode, and most of the Vimentin positive cells also expressed Krt5 (Figures 3A–C), indicating that the mesenchymal cells may be mainly originated from basal cells. The direct image from the immunofluorescence assay showed that the Vimentin-positive cells obviously increased after 4 days’ LLI culture, which were mostly Krt5 positive (Figure 3D). To affirm the role of basal cells in hypoxia-induced EMT, we separated basal from other cells in MTECs by flow cytometry, and as expected, the E-cadherin (epithelial cell marker) mRNA decreased while the Vimentin and α-SMA (mesenchymal cell markers) mRNA increased more significantly in basal cells compared with the other cells in the LLI group (Figure 3E, p < .001, n = 3), indicating that basal cells in MTECs contribute to EMT occurrence under hypoxia.
[image: Figure 3]FIGURE 3 | EMT induced by hypoxia was mediated by basal cells. (A) Representative data of flow cytometry in the ALI and LLI groups and the cell ratios were labeled in the corresponding gates. (B) Vimentin and Krt5 positive cell ratios in the mode of LLI culture. *p < .05, compared with ALI group, n = 3–4. (C) Krt5 positive cell ratio in Vimentin expressed cells. ***p < .001, compared with Krt5+Vimentin− cells in LLI group, ##p < .01 compared with KRT5+Vimentin+ cells in ALI group, n = 3–5. (D) Co-expression of Krt5 (red) and Vimentin (green) in MTECs after LLI culture. Scale bar = 20 μm. (E) Heterogeneously expressed EMT markers in different airway epithelial cell types after LLI culture. *p < .05, **p < .01, ***p < .001, compared with the same cell type, ##p < .01, ###p < .001, compared with the other cells in ALI/LLI group. n = 3. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance.
Ribosome Genes are Highly Expressed in Basal Cells
More and more evidence proves the basal cell as the main cell type that contributes to EMT in different tissues, but the reason was still unclear (Liu et al., 2016; Xu et al., 2016; Zhang et al., 2016; Xu et al., 2017). To find the possible explanation of basal cell but not other cell types in hypoxia-induced EMT, we analyzed the single-cell sequencing data set of MTECs and found that the differently expressed genes between basal and other cells were enriched in ribosome, fluid shear stress and atherosclerosis, spliceosome, and so on (Figure 4A).
[image: Figure 4]FIGURE 4 | Myc and ribosome proteins were enriched in basal cells. (A) Top 10 enriched pathways of specifically expressed genes in basal cells. Numbers in x-axis represent the genes enriched in the corresponding pathway. P adjust (p. adj) varies from .01 to 0.05. (B) Top 40 ribosome proteins among different cell types. The red and bold font marked genes were closely associated with EMT. (C) Myc in different airway epithelial cells. ***p. adj <.001. (D) Heterogeneously expressed Myc mRNA in different airway epithelial cell types after LLI culture. ***p < .001 compared with the other cells in corresponding group. ###p < .001, compared with ALI group within the same cell type. n = 3. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance. (E) Expression of Myc mRNA in ALI and LLI group. ***p < .001, compared with ALI group, n = 3. Student’s t-test was used to analyze the difference of the means. (F–G) Representative and statistical data of c-Myc. **p < .01, compared with ALI group, n = 4. Mann–Whitney U test was used to analyze the difference of the means for significance.
The most enriched ribosome was reported to be closely associated with EMT in breast cancer (Prakash et al., 2019; Dermit et al., 2020), whereas its role in hypoxia-related respiratory diseases still needs further exploration. The heat map shows the top 40 ribosome protein genes ranked by the decreased fold change of expression, and the red marks represent the known EMT-related genes in previous publications (Figure 4B). As the global regulator of ribosome biogenesis, Myc was significantly highly expressed in basal cells as shown in the violin plot (Figure 4C, p. adj <.001) and proved to be enriched in separated basal cells (Figure 4D, p < .001, versus the other cells, n = 3). Whereas in the mode of LLI culture, the expression of Myc increased significantly in basal cells compared with that in ALI mode (Figure 4D, p < .01, n = 3). Identical with the result of separated cells, Myc expression in bulk MTECs were significantly increased in LLI mode at mRNA and protein levels (Figures 4E–G, p < .001–.05, versus ALI, n = 4), supporting that ribosome may be involved in hypoxia-induced EMT in basal cells.
Ribosome Biogenesis is Increased Mainly in Basal Cells Under Hypoxia
To test whether ribosome increased in airway hypoxia, we measured the expression of ribosome-related RNAs (including rRNA and mRNA) in bulk and separated MTECs, respectively. Both mRNA and rRNA increased significantly in LLI mode (Figures 5A,B, p < .001–.05, versus ALI, n = 4), indicating that ribosome biogenesis increased under hypoxia in airway epithelium. The data were also proved in separated basal cells (Figures 5C,D, p < .001, versus the other cells, n = 3) cultured in LLI mode, which implies the aforementioned hypoxia increased ribosome biogenesis mainly occurred in basal cells.
[image: Figure 5]FIGURE 5 | Ribosome biogenesis was enhanced in the mode of the LLI culture. (A–B) Real-time PCR results of ribosome biogenesis–related RNAs (Rps15a, Rps19, Rpl14, and Rpl22 as well as 45, 28, 18, and 5.8S rRNA). *p < .05, **p < .01, ***p < .001, compared with ALI group, n = 3. Student’s t-test was used to analyze the difference of the means. (C–D) Ribosome biogenesis–related RNAs were significantly upregulated in basal cells in the mode of LLI culture. *p < .05, **p < .01, ***p < .001 compared with ALI group within same cell type, #p < .05, ###p < .001, compared with the other cells in corresponding group. n = 3. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance.
Inhibition of Ribosome Biogenesis Abrogates the EMT Process
Ribosome biogenesis was increased under hypoxia, but whether it facilitated the EMT process was still unknown. CX-5461, a specific RNA polymerase Ⅰ inhibitor that blocks ribosome biogenesis, significant decreased the transcription of rRNAs in LLI mode (Figure 6A, p < .05, n = 5) and almost offset the corresponding change of EMT markers at both the mRNA and protein levels in LLI mode (Figures 6B–D, p < .001–.05, n = 3–4). Consistently, the HE staining result showed that CX-5461 mitigated the morphology changes of MTECs, and most of them were still cubic in the mode of LLI culture (Figure 6E). In Figure 6F, Vimentin-positive cells increased in LLI mode, and were significantly reduced by administration of CX-5461. Based on the above, we suppose that the occurrence of EMT under hypoxia in basal cells was mainly mediated by increased ribosome biogenesis.
[image: Figure 6]FIGURE 6 | CX-5461 abrogated hypoxia-induced EMT. (A) rRNA expression level after administration of 100 nM CX-5461 in the mode of LLI culture. **p < .01, compared with ALI group, #p < .05 compared with LLI group, n = 5. Mann–Whitney U test was used to analyze the difference of the means for significance. (B) Expression of E-cadherin, Vimentin, and α-SMA. *p < .05, ***p < .001, compared with ALI group, #p < .05, ##p < .01, ###p < .001, compared with LLI group, n = 3. (C–D) Representative and statistical data of EMT markers. **p < .01, ***p < .001 compared with ALI group, ##p < .01, ###p < .001, compared with LLI group, n = 3–4. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance. (E) HE staining. The nether line of images was enlarged from the upper original image. (F) Immunofluorescence of Vimentin (green). The nucleus was stained with DAPI (blue). Scale bar = 50 μm.
mTORC2 and AKT are Involved in Hypoxia Induced EMT in MTECs
To explore the mechanism involved in ribosome-mediated EMT, we measured the phosphorylation of mTOR (Ser2481), which was a component of EMT closely associated mTORC2 and activated by the binding of ribosome (Copp et al., 2009; Karimi Roshan et al., 2019). As shown in Figures 7A,C, CX-5461 significantly alleviated the mTOR phosphorylation in LLI mode (p < .001, n = 4). Similarly, the phosphorylation of AKT at Ser473, a downstream effector of mTORC2, was significantly increased in LLI mode, which could be suppressed by CX-5461 (Figures 7B,D, p < .01, n = 3). These data indicate that hypoxia-induced EMT in basal cells was mainly mediated by ribosome-mTORC2-AKT axis (Figure 8).
[image: Figure 7]FIGURE 7 | Effect of CX-5461 downstream of ribosome. (A, C) Representative and statistical data of mTOR phosphorylation at Ser2481 after CX-5461 treatment. (B, D) Representative and statistical data of AKT phosphorylation at S473 after CX-5461 treatment. ***p < .001 compared with ALI group, ###p < .001, compared with LLI group, n = 3–4. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance.
[image: Figure 8]FIGURE 8 | The schematic diagram of hypoxia-induced EMT in MTECs. Hypoxia enhanced the ribosome biogenesis by increasing the expression of Myc. Subsequently, the phosphorylation of mTOR at Ser2481 was upregulated, and phosphorylation of AKT significantly increased, which promotes the occurrence of the EMT process. CX-5461 suppressed hypoxia-induced EMT by inhibiting the ribosome biogenesis. The red line denotes the repression effects, and the blue line indicates the facilitation effect.
DISCUSSION
In this study, we first established a hypoxia model by culturing MTECs in LLI mode, which mimicked the retention of fluid in the airway under pathological conditions of many chronic respiratory diseases. Hypoxia was verified with the color, pH, and lactic concentration of culture medium as well as HIF1α and HIF2α expression in MTECs. Compared with the hypoxic incubator, which decreases the concentration gradient of the oxygen on either side of the medium (ΔC in Fick’s first law), LLI culture mode increases the thickness (Δx) of the medium, both of which belong to the physical method to induce hypoxia. Consistent with previous studies that HIF1 and HIF2 governed acute and prolonged hypoxia in the human endothelium, respectively, we found that HIF1α was upregulated within several hours, whereas it was decreased in a prolonged airway epithelium hypoxia. Meanwhile, the expression of HIF2 increased after 4 days’ LLI culture, reflecting the switch from HIF1 to HIF2 signaling in adapting the epithelium to prolonged hypoxia (Torres-Capelli et al., 2016; Serocki et al., 2018).
Hypoxia can influence the composition of cell types, tight junctions, and ion channels in respiratory diseases (Jimenez et al., 2016; Torres-Capelli et al., 2016; Bartoszewska et al., 2017). Hypoxia can promote the differentiation of basal cells to goblet cells, and excessive mucus secreted by the latter aggravates airway hypoxia and affects the differentiation process of basal cells (Polosukhin et al., 2011). A previous study shows that hypoxia-induced airway fibrosis mainly occurs in proximal, medium tracheal, whereas the distal trachea may have a synergistic effect on matrix collagen degradation (Broytman et al., 2015). Although the generations and spatial heterogeneity of cells in the airway are different between mice and humans, the cell types, differentiation characteristics, and morphology in the airway epithelium of mice are basically identical with that of human, and studies of the respiratory fibrosis in mice remain the most clinically relevant model for the preclinical study of human respiratory fibrosis at present. Accordingly, MTECs may be a selectable appropriate cell model to study the mechanisms of hypoxia-induced EMT (Hogan et al., 2014; Tashiro et al., 2017; Basil and Morrisey, 2020).
Here, we report that hypoxia induces EMT in MTECs, which play a key role in cystic fibrosis, asthma, and other airway diseases. Meanwhile, we found the ratio of basal cells increased under the hypoxia condition, and these were regarded as the progenitor cells for the other airway epithelial cells and the culprit of EMT in human fibrotic diseases. However, the effect of hypoxia on ionocytes, tuft, KRT13/4+, and pulmonary neuroendocrine epithelial cells still needs further study (Kuroishi et al., 2009; Xu et al., 2016; Bankova et al., 2018; Montoro et al., 2018; Sui et al., 2018).
To explore the possible mechanisms involved in basal cells participating in EMT under hypoxia, we analyzed the single-cell sequencing data set and found that basal cell–specific genes were enriched in ribosome, which has been recently reported to be related to EMT. As the components of ribosome, Rps15a, Rps19, Rpl14, Rpl22 were preciously controlled by Myc and highly expressed in cancer cells, which promoted the EMT process (Chen et al., 2018; Wang et al., 2018; Feng et al., 2019; Liu et al., 2019). Accordingly, besides its acting as the protein synthesis machine, the role of ribosome in signal transduction needs to be considered. Ribosome binds and activates mTORC2 at least by Rpl26, Rps16, which were also included in the top 40 enriched ribosome genes of basal cells, according to our single-cell analysis (Zinzalla et al., 2011).
AKT downstream of mTORC2, can be activated during the process of EMT. In our experiment, inhibition of ribosome biogenesis suppressed the phosphorylation of both mTOR and AKT, which may influence the protein expression level of EMT transcription factors, matrix metalloproteinases, and numerous EMT-related pathways (Gulhati et al., 2011; Karimi Roshan et al., 2019; Fu and Hall, 2020). Our main finding in this study is that basal cells participate in hypoxia-induced EMT mainly by the ribosome-mTORC2-AKT axis, and there may be other reasons, such as the enriched MAPK pathway, as well as highly expressed genes including Snai2, Id1, Sparc, Tgfb1, and Rhoa visualized by the nferX single-cell sequencing portal (https://academia.nferx.com) in basal cells (Song et al., 2018; Ma et al., 2019; Sangaletti et al., 2019; Zhao et al., 2020). We believe that our findings would provide a new idea for future prevention and treatment in hypoxia related fibrosis.
CONCLUSION
Hypoxia-induced EMT was mainly contributed by basal cells via ribosome-mTORC2-AKT axis in MTECs.
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A subset of interstitial lung diseases (ILDs) with autoimmune traits—including connective tissue disease-associated ILD (CTD-ILD) and interstitial pneumonia with autoimmune features (IPAF)—develops progressive fibrosing (PF)-ILD. The aim of our study was to evaluate the clinical characteristics and predictors of longitudinal lung function (LF) changes in autoimmune PF-ILD patients in a real-world setting. All ILD cases with confirmed or suspected autoimmunity discussed by a multidisciplinary team (MDT) between January 2017 and June 2019 (n = 511) were reviewed, including 63 CTD-ILD and 44 IPAF patients. Detailed medical history, LF test, diffusing capacity of the lung for carbon monoxide (DLCO), 6-min walk test (6MWT), blood gas analysis (BGA), and high-resolution computer tomography (HRCT) were performed. Longitudinal follow-up for functional parameters was at least 2 years. Women were overrepresented (70.1%), and the age of the IPAF group was significantly higher as compared to the CTD-ILD group (p < 0.001). Dyspnea, crackles, and weight loss were significantly more common in the IPAF group as compared to the CTD-ILD group (84.1% vs. 58.7%, p = 0.006; 72.7% vs. 49.2%, p = 0.017; 29.6% vs. 4.8%, p = 0.001). Forced vital capacity (FVC) yearly decline was more pronounced in IPAF (53.1 ± 0.3 vs. 16.7 ± 0.2 ml; p = 0.294), while the majority of patients (IPAF: 68% and CTD-ILD 82%) did not deteriorate. Factors influencing progression included malignancy as a comorbidity, anti-SS-A antibodies, and post-exercise pulse increase at 6MWT. Antifibrotic therapy was administered significantly more often in IPAF as compared to CTD-ILD patients (n = 13, 29.5% vs. n = 5, 7.9%; p = 0.007), and importantly, this treatment reduced lung function decline when compared to non-treated patients. Majority of patients improved or were stable regarding lung function, and autoimmune-associated PF-ILD was more common in patients having IPAF. Functional decline predictors were anti-SS-A antibodies and marked post-exercise pulse increase at 6MWT. Antifibrotic treatments reduced progression in progressive fibrosing CTD-ILD and IPAF, emphasizing the need for guidelines including optimal treatment start and combination therapies in this special patient group.
Keywords: autoimmune disease, progressive fibrosing interstitial lung disease (PF-ILD), connective tissue disease (CTD), interstitial pneumonia with autoimmune features (IPAF), treatment, antifibrotics
INTRODUCTION
Interstitial lung diseases (ILDs) are a heterogeneous group of lung disorders, with diffuse parenchymal involvement also associated with a relevant morbidity and mortality. The spectrum of ILD is very diverse and the etiology is often idiopathic; however, a significant proportion of patients present with confirmed or possible autoimmune characteristics (Antoniou et al., 2014; Fischer et al., 2015; Martin et al., 2016). Connective tissue diseases (CTDs) are often associated with ILD. Lung involvement may occur in the initial phase of the systemic autoimmune disorder; however, ILD can manifest even before the diagnosis of CTD (Fischer and Du Bois, 2012). The term “interstitial pneumonia with autoimmune features” (IPAF) describes a type of interstitial pneumonias that are clinically and serologically associated with autoimmune characteristics but do not correspond completely to the diagnostic criteria of CTD (Sambataro et al., 2018).
Continuous monitoring of patients is essential to recognize progression (Fisher et al., 2020). The phenotype of progressive fibrosing (PF)-ILD, regardless of the underlying disease, shows common clinical features of lung function decline (Johannson et al., 2021). Worsening of symptoms—mainly dyspnea and cough—is often associated with progression of fibrosis on high-resolution computer tomography (HRCT); however, the definition for PF-ILD is not unitary (Cottin et al., 2018; Cottin et al., 2019; Brown et al., 2020; Kolb and Flaherty, 2021). PF-ILD results in the deterioration of quality of life and leads to early mortality. Forced vital capacity (FVC) and diffusing capacity of the lung for carbon monoxide (DLCO) decline are important and most frequently accepted markers of progression and are predictive factors of mortality (Brown et al., 2020), (Volkmann et al., 2019; Solomon et al., 2016; George et al., 2020).
A multidisciplinary approach is crucial for proper ILD diagnosis and treatment (Grewal et al., 2019). Considering the wide spectrum of disorders among autoimmune ILDs including different CTD-ILDs and even IPAF, it is essential to outline the best therapeutic possibilities for these patients. In addition to immunosuppressive therapy being extensively used, new antifibrotic agents—nintedanib and pirfenidone—also impact on the disease course; however, data on the interaction between these medications are lacking (Johannson et al., 2021; Wollin et al., 2019; Maher et al., 2020; Gao and Moua, 2020). It is challenging to find the best time for the introduction of certain drugs as well as choosing the optimal treatment course and combination for autoimmune-mediated ILDs (Cottin et al., 2019; Flaherty et al., 2019; George et al., 2020).
Our goal was to assess the clinical course of autoimmune ILDs—regarding the PF-ILD phenotype—and to confirm risk factors for progression and potential beneficial therapies in a real-word setting.
MATERIALS AND METHODS
Study Population
Our study is based on retrospective data analysis of ILD patients. Each case was presented and diagnosed by our multidisciplinary team (MDT) including pulmonologists, rheumatologists, radiologists, and pathologists. The ILD-MDT evaluation of the patients was performed at the Department of Pulmonology Semmelweis University between January 2017 and June 2019 (Richeldi et al., 2019).
The diagnosis of CTD was based on the internationally accepted American College of Rheumatology/European League Against Rheumatism Collaborative Initiative (EULAR-ACR) clinical and serologic criteria by rheumatology specialists working at one of the two rheumatology centers in Central Hungary. CTDs included rheumatoid arthritis (RA), systemic sclerosis (SSc), systemic lupus erythematosus (SLE), vasculitis, idiopathic inflammatory myopathies including polymyositis/dermatomyositis (IIM; PM/DM), and other categories [mixed connective tissue disease (MCTD) and undifferentiated connective tissue disease (UCTD)] (Kay and Upchurch, 2012; Van Den Hoogen et al., 2013; Petri et al., 2012; Aringer, 2019; Yates et al., 2016; Lundberg et al., 2017; Ortega-Hernandez and Shoenfeld, 2012; Mosca et al., 2014). The diagnosis of IPAF consisted of clinical, serological, and morphological domains based on the classification criteria proposed by the European Respiratory Society/American Thoracic Society (ERS/ATS) in 2015 (Fischer et al., 2015). All patients were consulted by rheumatologists to exclude manifestations of CTD at the time of diagnosis or in case of clinical suspicion thereafter. None of the IPAF patients developed CTD during follow-up.
At baseline and every follow-up, physical examination was performed, and a detailed medical history was taken with special emphasis on symptoms (dry/productive cough, sputum, and chest pain), respiratory infections, and comorbidities (Barczi et al., 2020). In our clinical routine, studied autoantibodies were anti-nuclear antibodies (ANA), rheumatoid factor (RF), anti-cyclic citrullinated peptide antibodies (ACPA), anti-RNA polymerase, anti-centromere, anti-proliferating cell nuclear antigen (APCNA), anti-Ku, anti-P-ribosomal, anti-cytoplasmatic, anti-cytoskeleton, anti-chromatin, anti-Smith, anti-myeloperoxidase, anti-proteinase-3, anti-Jo-1, anti-SS-A, anti-SS-B, anti-SCL-70, anti-ribonucleoprotein (RNP), and anti-neutrophil cytoplasmic antibodies (ANCA).
Baseline lung HRCT scans, pulmonary function test (PFT), blood gas analysis (BGA), and 6-min walk test (6MWT) were implemented at the time of the ILD diagnosis. Gender-age-physiology (GAP) score was used for clinical severity prediction in CTD-ILD and IPAF (Ryerson et al., 2014).
Confirmed ILDs were classified into four main groups: ILDs with known etiology including mainly confirmed CTD-ILD and hypersensitive pneumonitis (HP) cases; idiopathic interstitial pneumonia (IIP) including idiopathic pulmonary fibrosis (IPF), idiopathic non-specific interstitial pneumonia (iNSIP), and other IIPs; granulomatous diseases; and other rare forms of ILDs according to current guidelines (Travis et al., 2013), (Raghu et al., 2011). IPAF was considered a separate entity; nevertheless, it was included in the first group. The study population selection is summarized in Figure 1. Patients with autoimmune characteristics were divided into two subgroups: CTD-ILD and IPAF patients.
[image: Figure 1]FIGURE 1 | Study population. ILD, interstitial lung disease; IIP, idiopathic interstitial pneumonia; HP, hypersensitivity pneumonitis; CTD-ILD, connective tissue disease-associated interstitial lung disease; IPAF, interstitial pneumonia with autoimmune features.
The long-term care included pulmonary and rheumatology controls defined by patients’ disease requirements.
Pulmonary Evaluation and Functional Measurements and Radiological Patterns
PFT, including the analysis of FVC, forced expiratory volume in 1 s (FEV1), FEV1/FVC, total lung capacity (TLC), was performed according to the standardized protocol at the Department of Pulmonology. Lung diffusion capacity was measured for DLCO using the single-breath CO method, and transfer coefficient of the lung for CO (KLCO) was calculated (PDD-301/s, Piston, Budapest, Hungary). Exercise tolerance was established using the 6MWT. Distance in meters (m), baseline and post-exercise oxygen saturation (SpO2), heart rate, and Borg scale referring to dyspnea were assessed. Arterialized capillary BGA were evaluated at room air temperature (Cobas b 221, Roche, Hungary).
HRCT scan was performed in both inspiration and expiration positions using Philips Ingenuity Core 64 and Philips Brilliance 16 CT scanners. NSIP pattern was divided into cellular and fibrotic subtypes by radiologist experts according to HRCT scans. Radiologic features typically include cellular variant with ground-glass opacities and fine reticular opacities; besides, the fibrotic subtype is characterized predominantly by traction bronchiectasis (Kligerman et al., 2009). In case of usual interstitial pneumonia (UIP), honeycombing with subpleural and basal predominance can be observed. Traction bronchiectasis might be associated with ground-glass opacification. The pattern of probable UIP (pUIP) is characterized by the same abnormalities without honeycombing (Raghu et al., 2011).
Pulmonary follow-up of at least 24 months after ILD diagnosis included measurements of lung function parameters, diffusion capacity, laboratory testing, and BGA controls. At this time point, we recorded the immunosuppressive and/or antifibrotic therapies between the visit intervals. All CTD patients were followed at the respective rheumatology centers.
In our study, PF-ILD was defined as FVC relative yearly decline ≥5% and either deterioration of clinical symptoms or progression of fibrosis on HRCT (Cottin et al., 2018).
Statistical Analysis
Analysis was performed using the GraphPad software (GraphPad Prism 5.0 Software, Inc., La Jolla, CA, United States) and SPSS v25 (IBM Corporation, Armonk, NY, United States). Continuous variables were expressed as mean ± standard deviation. Normality of the data was determined using Kolmogorov–Smirnov test. Differences between groups for continuous data were evaluated in normally distributed data with Student’s t-test; otherwise, Mann–Whitney U-test was used. Chi-squared test and two-tailed Fisher’s exact test were applied for comparing categorical variables. Predictors of progression were analyzed using Cox proportional hazards regression model. All percentage values are expressed for the whole study population or respective subgroups as indicated. A p-value <0.05 was defined as statistically significant.
RESULTS
Patient characteristics are summarized in Table 1. The study population included mainly women. Patients in the IPAF subgroup were significantly older compared to the CTD subgroup. Dyspnea, crackles, and weight loss were significantly more common in the IPAF group as compared to the CTD-ILD group. Subtypes of CTD (n = 63) were, by order of prevalence, SSc (50.8%) RA (20.6%), SLE (9.5%), others (MCTD and UCTD) (9.5%), PM/DM (6.4%), and vasculitis (3.2%). Raynaud’s phenomenon occurred significantly more often in patients with known CTD. LF at baseline is summarized in Table 2. Patients were characterized by mild restrictive functional impairment. There was a slight decrease in TLC and CO diffusion parameters. No differences in LF, 6MWT, or BGA were noted between the two groups.
TABLE 1 | Patient characteristics.
[image: Table 1]TABLE 2 | Functional parameters.
[image: Table 2]The most common radiological pattern was NSIP; however, significantly more pUIP was noted in IPAF patients. HRCT data are summarized in Table 3. Most frequently confirmed auto-antibodies were ANA, followed by anti-chromatin antibodies and RF, with no differences among the two groups (Table 4).
TABLE 3 | HRCT morphological domain.
[image: Table 3]TABLE 4 | Autoimmune serology.
[image: Table 4]Fifty-nine patients had functional data during the 24-month follow-up including 34 CTD-ILD (23.5% males; mean age 58.42 ± 13.01 years) and 25 IPAF (48.0% males; mean age 69.02 ± 12.51 years) patients. Baseline data of CTD-ILD [SSc (55.9%), RA (20.6%), PM/DM (11.8%), SLE (5.9%), and other MCTD and UCTD (5.9%)] and IPAF patients with available functional follow-up did not differ in any parameter from the whole respective group. To estimate mortality, we applied the GAP risk prediction model, which is also validated for non-IPF ILDs (Ryerson et al., 2014). Values were markedly better in the CTD group compared to the IPAF group (1.82 vs. 2.48, p = 0.07).
FVC yearly decline was more dominant in the IPAF group than in the CTD-ILD group (53.1 ± 0.3 ml vs. 16.7 ± 0.2 ml; p = 0.294) (Figure 2A). It is important to note that 68.0% (out of the followed 25 patients) did not deteriorate in the IPAF group as compared to 82.4% (out of followed 34 patients) in the CTD-ILD group (p = 0.200). PF-ILD criteria were met by 14 patients. We also determined the prevalence of PF-ILD in each entity of CTD-ILD: RA (n = 3), SSc (n = 2), other (n = 1), and IPAF (n = 8).
[image: Figure 2]FIGURE 2 | Longitudinal follow-up of CTD-ILD and IPAF patients: percent change in FVC. (A) Changes according to treatment; (B) respective patients according to underlying disease. CTD-ILD, connective tissue disease-associated interstitial lung disease; IPAF, interstitial pneumonia with autoimmune features; FVC, forced vital capacity; PF-ILD, [progressive fibrosing ILD; AF, antifibrotic treatment; AF + ISU, antifibrotic treatment with immunosuppressive agent; Comb-ISU, combined immunosuppressive treatment; Mono-ISU, one immunosuppressive agent; NT, no treatment].
Factors influencing rapid progression qualifying as PF-ILD included malignancy as a comorbidity, ANA, anti-SS-A antibodies, and post-exercise pulse increase at the 6MWT (Table 5). Malignancy was diagnosed in seven patients (two males and five females) including CML (1), lung (2), ovarian (1), breast (1), esophageal (1), and laryngeal cancer (1). There was no correlation between HRCT pattern (UIP, pUIP, fibrotic, or cellular NSIP) and progression. Detailed data were not included, as no relationship was present.
TABLE 5 | Factors influencing progression of autoimmune ILDs.
[image: Table 5]During the follow-up period, 16 patients (CTD-ILD n = 11; IPAF n = 5) did not receive any treatment. Conventional immunosuppressive (ISU) therapies including corticosteroids, rituximab, mycophenolate mofetil, azathioprine, cyclophosphamide, and methotrexate were the initial medical treatment in 36 cases (CTD-ILD n = 22; IPAF n = 14). Mono or combined ISU therapies were appropriate during follow-up period for 25 patients (CTD-ILD n = 18; IPAF n = 7). In some cases, when antifibrotic therapy was given, progressive phenotype was observed. Patients showing progressive phenotype are those whose ISU therapy was supplemented with antifibrotic therapies such as nintedanib and pirfenidone. Antifibrotic drugs were administered significantly more often in IPAF as compared to CTD-ILD (n = 13 vs. n = 5; p = 0.007). The majority of these patients (72.2% on antifibrotic treatment) represented stable lung function or improvement following treatment introduction. Individual functional change according to therapy is summarized in Figure 2B. Antifibrotic treatment (pirfenidone 801 mg tid n = 2; nintedanib 150 mg bid n = 17, including one patient who switched to pirfenidone due to elevated liver enzymes)-related adverse events—all grade 1 and transient—included gastrointestinal symptoms, mainly nausea and vomiting, diarrhea, and heartburn. Most of them were solved by dosage reduction and supportive medications. Elevated liver enzymes were only observed in one patient and was resolved after changing to another antifibrotic drug. Unfortunately, during follow-up, nine patients with mono or combined ISU therapy developed PF-ILD according to our criteria, four (CTD-ILD n = 2; IPAF n = 2) of them had anti-SS-A antibody positivity and five patients (CTD-ILD n = 3; IPAF n = 2) had post-exercise pulse increase.
DISCUSSION
We presented the first single-center real-life data analyzing the functional progression of autoimmune ILDs. A small proportion of CTD-ILD and IPAF patients deteriorated (13.1% of the whole population) over the observed period, which is similar to other international data (Simpson et al., 2021). Most of the patients were stable, and remarkably, eight patients had even ≥5% FVC improvement due to therapy out of 59 followed.
Our data are the first to show ILD distribution of cases from an Eastern European country. Out of the 511 cases presented to the ILD team, 20.9% were CTD-ILD or IPAF, which is very similar to international data (Oldham et al., 2016; Sambataro et al., 2019). CTD-ILD did mainly include SSc (50.8%) and RA (20.6%) patients, also in line with previously published numbers (Oliveira et al., 2020; Sambataro et al., 2018).
IPAF is mainly considered as a research entity with an autoimmune profile and affected 25 patients in our study. Assessment by rheumatology specialists and serological testing were always performed to confirm or exclude CTD in these cases (Fischer et al., 2015; Sambataro et al., 2018; Raghu et al., 2018). However, there is no international agreement on which serological tests are required at the first encounter with the patient (Jee et al., 2017). The serological pattern in IPAF patients was consistent with the current classification criteria (Fischer et al., 2015; Sambataro et al., 2018).
The most common radiological pattern among IPAF patients was pUIP, which correlates with the data of Oldham et al. (2016); however, it contradicts prospective international data where NSIP was the most frequent pattern (Ahmad et al., 2017; Sambataro et al., 2018). In a retrospective study, UIP and non-UIP IPAF had a similar chance to transform into specific autoimmune diseases; thus, the role of the morphological domain of IPAF is questionable (Sambataro et al., 2020). HRCT evaluation is not homogenous among ILD expert radiologists and might have contributed partially to these differences (Walsh et al., 2016), (Widell and Lidén, 2020). Additionally, IPAF is not a homogenous entity, as it may be very similar to CTD-ILD or in contrast to IPF (Oldham et al., 2016; Ferri et al., 2016).
Treatment resulted in lung function improvement, especially in CTD-ILD. Variation of disease course is well known in SSc, where patients can have a rapid progression, stability of disease, and even improvement. Our data confirmed that most patients’ lung function remained stable over the 2-year period; some of them even improved similarly to the Scleroderma Lung Study (SLS) I and II trials and SENSCIS (Volkmann et al., 2017), (Vonk et al., 2021).
An important new finding and interesting consideration of our study is the identification of new possible prognostic factors for PF-ILD in autoimmune-mediated ILDs including ANA and anti-SS-A antibodies, post-exercise pulse increase at 6MWT, and malignancy. Anti-SS-A antibodies such as Ro52 and Ro60 are often used in autoimmune disease diagnosis. Based on literature data, isolated anti-SS-A/Ro60+ is independently associated with SLE. Detection of anti-SS-A/Ro52+ has a prognostic importance in SSc-associated ILD and diagnostic value in PM/DM (Robbins et al., 2019; Hudson et al., 2012; Dugar et al., 2010; Menéndez et al., 2013). Previous small cohort studies have proven that in anti-synthetase syndrome or inflammatory myopathy, anti-SS-A antibody-positive individuals develop more severe ILD including more extensive pulmonary fibrosis and decreased LF. Additionally, these patients are less responsive to immunosuppressive therapies (La Corte et al., 2006; Váncsa et al., 2009). Literature about the diagnostic utility of separated anti-SS-A antibodies is heterogeneous (Hervier et al., 2009; Langguth et al., 2007; Robbins et al., 2019). According to the official recommendation for IPAF by ATS/ERS, in serological domain, Ro60 and Ro52 antibodies are not separated (Fischer et al., 2015). Therefore, we analyzed mixed anti-SS-A level.
Another predictor of progression was post-exercise pulse increase at the 6MWT. The connection between heart rate and 6MWT has not been studied profoundly before in CTD-ILD and IPAF patients; however an association has been found to be a prognostic marker in IPF (Holland et al., 2013). Although, chronotropic response abnormality cannot be certainly established due to various comorbidities and medication history regarding beta blockers being inaccessible (Sanges et al., 2017). The third variable for confirmed faster progression of PF-ILD in our patients was malignancy. Malignancy as a comorbidity is a serious complication associated with ILDs, especially in those showing progression as published previously in our previous study (Barczi et al., 2020).
Defining progression is a difficult task, as for CTD patients several treatment possibilities are open for their underlying disease. According to recent studies in IPF and CTD-ILD patients, a decrease in DLCO is proposed in the definition of PF-ILD (Khanna et al., 2015; Volkmann et al., 2019; Wong et al., 2020; Cottin et al., 2018). Inclusion criteria for PF-ILD subjects in the INBUILD (Efficacy and Safety of Nintedanib in Patients With PF-ILD) trial included DLCO of at least 30% and less than 80% predicted (Brown et al., 2020; Flaherty et al., 2019). Low baseline DLCO is also a clinically meaningful risk factor for acute exacerbations (Wong et al., 2020). In our study, patients had decreased DLCO; however, we did not find any correlation between progression and DLCO change.
We provided real-world data on the treatment and functional outcome for these special patient groups. Therapy in CTD-ILD changes according to underlying disease, while no therapy guidance for IPAF is available (Sambataro et al., 2018; Gao and Moua, 2020). PF-ILD is much more of a disease phenotype than a diagnosis. Timely initiation of antifibrotic therapy slows the progression of the disease (Johannson et al., 2021). In our study, the ILD team recommended antifibrotic treatment to patients with a rapid progression and to those with IPF characteristics. More patients with IPAF and progression were offered this therapy than CTD-ILD patients showing PF-ILD phenotype, mainly due to the fact that the antifibrotic nintedanib was only approved for PF-ILD based on the data of the INBUILD trial in 2020 (Flaherty et al., 2019; Wells et al., 2020; European Medicines Agency, 2019).
Antifibrotic treatment did stabilize lung function in the majority of our patients. PF-ILD was detected in nine patients (CTD-ILD n = 4; IPAF n = 5) who did not receive antifibrotics including 44.4% with anti-SS-A positivity and 55.5% with post-exercise pulse increase, emphasizing the need for possible extension of antifibrotic treatment. Data on the effectivity of combination therapy using different immunosuppressive treatments with antifibrotics is lacking. In real life, patients under immunosuppressive or immunomodulatory therapy are not excluded from additional antifibrotic therapy. However, in the INBUILD study, restricted therapies were only applied after 6 months of deterioration (Cottin et al., 2021). Similarly, SSc-ILD treatment outcome of SENSCIS secondary analysis showed that mycophenolate mofetil and nintedanib co-treated patients did benefit the most from treatment; however, the study was not powered for combination treatment effectivity (Distler et al., 2019; Highland et al., 2021). After applying the combination of different immunosuppressive treatments with antifibrotics, two-thirds of patients experienced mild adverse events in our cohort. Safety and tolerability profile was consistent with the product label and similar to our previously published data (Barczi et al., 2019). In our patients, 67% experienced an adverse event, similar to the INBUILD trial, where diarrhea was observed in 67%, followed by nausea (29%) (Flaherty et al., 2019). The single grade 3 adverse event of liver enzyme increase needing drug discontinuation was resolved by changing to another antifibrotic agent. Acute exacerbations are serious complications of ILDs (Suzuki et al., 2020; Kolb et al., 2018). Unfortunately, our data were not available to analyze these effects on progression.
In conclusion, the majority of autoimmune-associated ILDs including CTD-ILD and IPAF might be stable or even improve due to proper combination therapy. Patients receiving antifibrotic treatment were less likely to deteriorate and fulfill criteria for PF-ILD. Progression was associated with anti-SS-A antibodies, post-exercise pulse increase at 6MWT, and concomitant malignancies—patients presenting with these parameters should be followed more closely. Antifibrotic treatment was effective in stabilizing functional decline, and the drugs confirmed a safety and tolerability profile consistent with the product label. More data is needed in a real-world setting to identify optimal combination therapies and timing for initiation of antifibrotics in CTD-ILD and IPAF patients. Stable lung function might be a result of the relatively short observation period, and more longitudinal data are awaited.
The main limitation of our study includes the retrospective single-center design and limited number of patients. Further prospective studies need to evaluate this special subgroup of ILD patients to develop guidelines for optimal treatment start and combination therapies.
On the other hand, our data are the first to represent ILD distribution of cases from an Eastern European country. Our study is based on long-term longitudinal follow-up of ILD patients with autoimmune characteristics. Disease population covered the two main rheumatology centers in the region of Central Hungary.
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Despite past extensive studies, the mechanisms underlying pulmonary fibrosis (PF) still remain poorly understood. The aberrantly activated lung myofibroblasts, predominantly emerging through fibroblast-to-myofibroblast differentiation, are considered to be the key cells in PF, resulting in excessive accumulation of extracellular matrix (ECM). Latent transforming growth factor-β (TGFβ) binding protein-2 (LTBP2) has been suggested as playing a critical role in modulating the structural integrity of the ECM. However, its function in PF remains unclear. Here, we demonstrated that lungs originating from different types of patients with PF, including idiopathic PF and rheumatoid arthritis-associated interstitial lung disease, and from mice following bleomycin (BLM)-induced PF were characterized by increased LTBP2 expression in activated lung fibroblasts/myofibroblasts. Moreover, serum LTBP2 was also elevated in patients with COVID-19-related PF. LTBP2 silencing by lentiviral shRNA transfection protected against BLM-induced PF and suppressed fibroblast-to-myofibroblast differentiation in vivo and in vitro. More importantly, LTBP2 overexpression was able to induce differentiation of lung fibroblasts to myofibroblasts in vitro, even in the absence of TGFβ1. By further mechanistic analysis, we demonstrated that LTBP2 silencing prevented fibroblast-to-myofibroblast differentiation and subsequent PF by suppressing the phosphorylation and nuclear translocation of NF-κB signaling. LTBP2 overexpression-induced fibroblast-to-myofibroblast differentiation depended on the activation of NF-κB signaling in vitro. Therefore, our data indicate that intervention to silence LTBP2 may represent a promising therapy for PF.
Keywords: pulmonary fibrosis, latent transforming growth factor-β binding protein-2, fibroblast-to-myofibroblast differentiation, extracellular matrix, NF-κB signaling
INTRODUCTION
Pulmonary fibrosis (PF) is a type of chronic and progressive lung interstitial disease, characterized by the irreversible scarring and remodeling of the lung (Kolahian et al., 2016). The fibrogenic triggers remain controversial, but identifiable triggers probably include cigarette smoke (Wilson and Wynn, 2009), respiratory infections such as the 2019 novel coronavirus disease (COVID-19) (George et al., 2020), and connective tissue diseases/autoimmune disorders such as rheumatoid arthritis (RA) and scleroderma (Wilson and Wynn, 2009; Spagnolo et al., 2018). However, PF can also manifest without any known etiology, which is termed “idiopathic” (IPF) (Lederer and Martinez, 2018). To date, the mechanisms underlying PF remain poorly understood, so there are limited therapeutic options and poor prognosis. Therefore, novel agents targeted against the fibrotic process are urgently needed.
The currently accepted pathogenic theories suggest that formation of fibrotic foci and excessive deposition of extracellular matrix (ECM) proteins, such as hyaluronan, fibronectin, and interstitial collagens, are principal events in PF (Kolahian et al., 2016). Following lung injury, quiescent fibroblasts become activated and transform into α-smooth muscle actin (α-SMA)-expressing myofibroblasts, resulting in excess accumulation of ECM components (Wynn, 2011). Thus, targeting the fibroblast-to-myofibroblast differentiation process and ECM synthesis would provide a potential therapeutic strategy for PF.
Latent transforming growth factor-β (TGFβ) binding protein-2 (LTBP2) is a member of the fibrillin/LTBP ECM proteins family, which includes LTBP-1, -2, -3, and -4 (Gibson et al., 1995; Robertson et al., 2015). LTBPs play a critical role in modulating the structural integrity of the ECM, and in the assembly and secretion of the latent TGF-β (Miyazono et al., 1991). Unlike the other LTBPs, LTBP2 is unable to bind to latent TGFβ (Anderson et al., 2008; Robertson et al., 2015). Thus, the function of LTBP2 has not been fully clarified. Previous studies have demonstrated that high expression of LTBP2 was associated with poor outcome and tumor progression in thyroid and gastric cancer. Moreover, knockdown of LTBP2 inhibited the proliferation and invasion in thyroid carcinoma and gastric cancer cells (Wan et al., 2017; Wang et al., 2018). Enomoto et al. (2018) found that LTBP2 was secreted from lung myofibroblasts and was potentially a novel prognostic blood biomarker reflecting the level of differentiation of lung fibroblasts into myofibroblasts in IPF patients. However, there has been very little research using LTBP2-knockout mice to assess lung fibrosis, and the exact function of LTBP2 in lung (myo) fibroblasts and PF remains unknown.
Nuclear factor kappa B (NF‐κB), a well-characterized transcription factor, regulates many genes responsible for the generation of proinflammatory molecules and profibrogenic cytokines, which promote inflammatory response and fibrosis (Christman et al., 2000; Wilson and Wynn, 2009; Meng et al., 2014). The activation of the NF-κB signaling pathway resulted in the apoptotic resistance of lung fibroblasts (Golan-Gerstl et al., 2012), but blocking NF-κB signaling attenuated bleomycin (BLM)-induced lung fibrosis via suppressing myofibroblast differentiation (Hou et al., 2018). A previous study showed that LTBP2 knockdown by siRNA reduced the degree of myocardial fibrosis by suppressing activation of the NF-κB signaling pathway (Pang et al., 2020). However, research regarding whether the NF‐κB signaling is related to LTBP2 in PF has rarely been reported.
In the current study, we characterized the expression pattern of LTBP2 and investigated for the first time its role in lung fibroblasts’ differentiation to myofibroblasts and lung fibrosis. We showed that LTBP2 silencing by lentiviral shRNA transfection attenuated PF by suppressing lung fibroblast-to-myofibroblast differentiation and ECM deposition via blocking NF-κB signaling.
MATERIALS AND METHODS
Human Samples
Lung tissues from patients with IPF (n = 3) and rheumatoid arthritis-associated interstitial lung disease (RA-ILD) (n = 3) were collected in the Zhongnan Hospital of Wuhan University. Three normal lung biopsies from resection of cancer were used as controls. IPF patients fulfilled the American Thoracic Society (ATS)/European Respiratory Society (ERS) consensus diagnostic criteria (Raghu et al., 2018). RA was classified according to the 1987 American College of Rheumatology (ACR) classification criteria (Arnett et al., 1988) and a definitive diagnosis of ILD was evident by clinical features, chest high-resolution computed tomography (HRCT), laboratory findings, and/or surgical lung biopsy. The pattern in RA-ILD patients was usual interstitial pneumonia (UIP) based on HRCT and/or histopathological pattern in this study. COVID-19 diagnosis was made according to the nucleic acid test, and PF in COVID-19 survivors was diagnosed by chest CT images. Six patients with COVID-19-related PF and 13 age-, and male sex-matched COVID-19 survivors without PF were included in the present study. As healthy controls, serum samples were also collected from 11 healthy volunteers who worked or had worked at Zhongnan Hospital of Wuhan University.
BLM-Induced Lung Fibrosis Model
We used 8- to 10-week-old male C57BL/6 mice housed in a specific pathogen-free environment with sterilized food and water. For BLM-induced fibrosis studies, mice under pentobarbital anesthesia received a single intratracheal injection of 3 mg/kg BLM (Hisun, Zhejiang, China) dissolved in 50 μl of saline. Control mice were intratracheally injected with 50 μl saline. At 28 days later, mice were euthanized. Parts of the lung lobes were fixed in 4% paraformaldehyde (PFA) for histopathologic analyses, and parts were frozen for further analysis.
Lentivirus Production and Transfection
Three different mouse LTBP2 shRNAs and scrambled shRNA were designed and synthesized by GeneChem (Shanghai, P.R. China). The target sequences of shRNAs are shown in Supplementary Table S1. The shRNA1 with the best silencing efficiency was chosen for further animal experiments. C57BL/6 mice under anesthesia were intratracheally administrated with scrambled shRNA or LTBP2 shRNA at a dose of 3.5 × 107 transduction units per mouse. Five days later, mice were challenged with BLM for lung fibrosis experiments.
Lung Histological Analysis
The lower lung tissues were fixed in 4% PFA for 24 h, sliced mid-sagittally, and embedded in paraffin. Then 4 μm sections were stained with hematoxylin-eosin (H&E) for structured observation, or with Masson’s trichrome staining for detection of collagen deposition. In H&E staining, the severity of fibrosis was estimated from 0 to 8 by the Ashcroft score (Ashcroft et al., 1988).
Immunohistochemistry Staining
Tissue sections were deparaffinized and heated in EDTA buffer, followed by treatment with 3% H2O2 in methanol for 10 min and blocking with 5% normal serum. Tissue sections were incubated with primary antibody overnight at 4°C, and then incubated with secondary antibody for 50 min at room temperature, visualized with DAB chromogen, and counterstained with hematoxylin.
FACS Protocol
Mouse lung cells from the BLM 28 days group were incubated with antibodies against the following lineage-specific cell surface markers: CD45, CD31, viability dye, CD11b, and CD11c. When isolating lung fibroblasts from mice, anti-PDGFRα antibody was added. We defined fibroblasts as lineage-negative and PDGFRα-positive cells. Then we further analyzed the transcription of key profibrotic genes in LTBP2-expressing and LTBP2-negative lung fibroblasts.
Hydroxyproline Assay
Total hydroxyproline content of lung tissues were analyzed with the Hydroxyproline Assay Kit (Cat. No: A030-2, Jiancheng, Nanjing, China) according to the manufacturer’s protocol. In brief, the lung tissue homogenates were centrifuged and the supernatant was collected. Subsequently, hydroxyproline content in lung tissues was evaluated by the absorbance at 550 nm. The results were expressed as μg hydroxyproline/mg wet lung.
Culture and Lentiviral Infection of HFL1 Cells
HFL1 cells, the human pulmonary fibroblast cell line, were purchased from iCell Bioscience (Shanghai, China). HFL1 cells were cultured in complete medium containing Kaighn’s modification of Ham’s F-12 (F12K) medium (Hyclone, Logan, UT, United States) supplemented with 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, United States) and 1% antibiotics (100 μg/ml streptomycin and 100μ/ml penicillin) in a humidified atmosphere of 5% CO2 at 37°C. Three different human LTBP2 shRNAs and scrambled shRNA were designed and synthesized by GeneChem (Shanghai, P.R. China). The target sequences of shRNAs are shown in Supplementary Table S2. The shRNA3 with the best silencing efficiency was chosen for further experiments. For functional studies, HFL1 cells were plated in 6-well plates (1 ×105 cells/well), and infected with scrambled shRNA or LTBP2 shRNA at the multiplicity of infection (MOI = 40). After 8 h, the medium was replaced with fresh complete medium and the cells were incubated with 4 μg/ml puromycin for 72 h when the cells reached 70–80% confluence. Then the cells were stimulated with PBS or 10 ng/ml TGF-β1 (PeproTech, Rocky Hill, NJ, United States) for 48 h.
LTBP2 Plasmids Construction and Transfection
Human LTBP2 cDNA was synthesized and cloned into GV230 vector (GeneChem, Shanghai, P.R. China). Transfection was carried out using the Lipo8000™ Transfection Reagent (Beyotime, Shanghai, China) according to the manufacturer’s instructions. HFL1 cells were pretreated with BAY 11-7082 (MedChem Express, NJ, United States) for 1 h followed by transfection with LTBP2 plasmids.
Immunofluorescence
HFL1 cells or tissue sections were fixed in 4% PFA, then permeabilized with 0.2% Triton X-100 for 10 min, and blocked in 5% bovine serum albumin for 60 min. The cells or tissue sections were incubated with primary antibody overnight at 4°C, and subsequently incubated with appropriate secondary antibody for 1 h at room temperature. Nuclei were stained with DAPI for 3 min.
Quantitative RT-PCR
Total RNAs were extracted from tissues and cells using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Total RNAs were reversely transcribed to cDNAs using the Prime Script RT Reagent Kit (TaKaRa, Dalian, China) according to the manufacturer’s instructions. For quantitative analysis of mRNA expression, the SYBR Green PCR kit (Toyobo, Osaka, Japan) was used to amplify the target gene using the manufacturer’s protocol. Relative mRNA levels of the target gene were normalized to GAPDH mRNA expression by using the 2−ΔΔCT method.
The Mouse Primer Sequences Used in the Study Were Listed as Follows
LTBP2: forward, 5′-ACA​CTT​GCG​ACT​GCT​TTG​AGG-3′, reverse, 5′-CAG​TGG​CAG​CGA​TAG​GAA​CC-3`; α-SMA: forward, 5′-GAT​AGA​ACA​CGG​CAT​CAT​CAC​C-3′, reverse, 5′-CAT​AAT​CTG​GGT​CAT​TTT​CTC​CC-3`; Fibronectin: forward, 5′-GCA​AGG​AAA​CAA​GCA​AAT​GC-3′, reverse, 5′-GTT​GTA​GGT​GAA​CGG​GAG​GAC-3`; Col1α1: forward, 5′-CTG​ACT​GGA​AGA​GCG​GAG​AG-3′, reverse, 5′-CGG​CTG​AGT​AGG​GAA​CAC​AC-3`; Col2α1: forward, 5′-GAC​GCC​ATG​AAA​GTT​TTC​TGC-3′, reverse, 5′-CCC​TCA​GTG​GAC​AGT​AGA​CGG-3`; IL-1β: forward, 5′-GAA​ATG​CCA​CCT​TTT​GAC​AGT​G-3′, reverse, 5′-TGG​ATG​CTC​TCA​TCA​GGA​CAG-3`; IL-6: forward, 5′-CTG​CAA​GAG​ACT​TCC​ATC​CAG-3′, reverse, 5′-AGT​GGT​ATA​GAC​AGG​TCT​GTT​GG-3`; TNFα: forward, 5′-TTC​TCA​TTC​CTG​CTT​GTG​G-3′, reverse, 5′-ACT​TGG​TGG​TTT​GCT​ACG-3`; GAPDH: forward, 5′-TGA​AGG​GTG​GAG​CCA​AAA​G-3′, reverse, 5′-AGT​CTT​CTG​GGT​GGC​AGT​GAT-3`.
The Human Primer Sequences Used in the Study Were Listed as Follows
LTBP2: forward, 5′-ACA​GCA​AAC​AGC​ACC​AAC​CAC-3′, reverse, 5′-CTC​ATC​GGG​AAT​GAC​CTC​CTC-3`; α-SMA: forward, 5′-CTT​GAG​AAG​AGT​TAC​GAG​TTG​C-3′, reverse, 5′-GAT​GCT​GTT​GTA​GGT​GGT​TTC-3`; Fibronectin: forward, 5′-GTG​GCA​GAA​GGA​ATA​TCT​CGG-3′, reverse, 5′-TCT​AAA​GGC​ATG​AAG​CAC​TCA​A-3`; Col1α1: forward, 5′-GCC​AAG​ACG​AAG​ACA​TCC​CA-3′, reverse, 5′-CGT​CAT​CGC​ACA​ACA​CCT​TG-3`; GAPDH: forward, 5′-CAT​CAT​CCC​TGC​CTC​TAC​TGG-3′, reverse, 5′-GTG​GGT​GTC​GCT​GTT​GAA​GTC-3`.
Western Blot Analysis
The protein concentration was measured using bicinchoninic acid assay kit (Aspen, Wuhan, China). Nuclear extracts were prepared with a nuclear and cytoplasmic protein extraction kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions for the detection of NF-κB p65 and phospho-NF-κB p65 (phospho s536) protein expression. Protein samples were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Bedford, MA, United States). The membranes were then blocked with 5% non-fat milk in TBST buffer for 2 h, and subsequently incubated with the appropriate primary antibodies at appropriate dilutions overnight at 4°C. After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 2 h. The bands were visualized using the electrochemiluminescence (ECL) system (Tanon, Shanghai, China). The primary antibody against antibodies to α-SMA, collagen I, fibronectin, and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Abcam (Cambridge, MA, United States). Antibodies for total NF-κB p65, phospho-NF-κB p65 (phospho s536) and Lamin B were purchased from Cell Signaling Technology (Danvers, MA). Antibody against LTBP2 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Goat anti-rabbit and anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibodies were acquired from Aspen (Wuhan, China).
Enzyme-Linked Immunosorbent Assay
LTBP2 protein levels in serum, bronchoalveolar lavage fluid (BALF), and cell culture media were detected using the Mouse LTBP2 ELISA Kit (ELK Biotechnology, Wuhan, China) and the Human LTBP2 ELISA Kit (ELK Biotechnology, Wuhan, China) following the manufacturers’ instructions.
Statistical Analysis
All data were analyzed using the Statistical Package for the Social Sciences software (SPSS 21.0, Chicago, IL, United States) and presented as mean ± standard deviation (SD). Significant differences were determined by one-way ANOVA for multiple comparisons and Student’s t-test for pairwise comparisons between two groups. p values less than 0.05 were considered significant.
RESULTS
LTBP2 Is Overexpressed in IPF Patients and BLM-Injured Mice
To verify LTBP2 as a candidate gene in PF, we first assessed LTBP2 expression in lung tissues of IPF patients. LTBP2 was almost undetectable in normal lung tissues, but it was highly expressed in the lungs from patients with IPF (Figure 1A). To address the above assumption, we further investigated LTBP2 expression in the PF murine model with a single intratracheal administration of BLM. We also observed considerably increased LTBP2 immunohistochemical staining in active fibrotic areas (Figure 1B). Furthermore, BLM upregulated LTBP2 levels in serum and BALF of mice with PF, and LTBP2 levels in BLM 28 days group were higher than those in BLM 7 days group (Figures 1C,D). Collectively, these findings support that IPF patients and BLM-induced mice are characterized by LTBP2 overexpression.
[image: Figure 1]FIGURE 1 | LTBP2 is overexpressed in IPF patients and mice with BLM induction. (A) Representative Hematoxylin-eosin staining, Masson’s trichrome staining, and immunofluorescence staining of LTBP2 (green) in the lung sections from normal people and IPF patients. Nuclei are stained with DAPI (blue); Scale bar = 100 μm. Quantification of positive staining area was measured and statistically analyzed. n = 3, **p < 0.01. (B) Immunohistochemistry for LTBP2 expression in the lungs of mice. Scale bar = 100 μm. NA stands for normal area; FA stands for fibrotic area; Scale bar = 20 μm. Quantification of positive staining area was measured and statistically analyzed. n = 3, **p < 0.01 (C) LTBP2 levels in serum of mice. n = 6, *p < 0.05, **p < 0.01 (D) LTBP2 levels in BALF of mice. n = 6, #p > 0.05, **p < 0.01. Data are represented as means ± SD. Statistical analysis was performed by one-way ANOVA or t-test.
LTBP2 Is Co-localized in Activated Lung Fibroblasts/Myofibroblasts
Next, we stained LTBP2 and the marker proteins of lung fibroblast activation in fibrotic lungs with IPF patients and mice. The increased expression of LTBP2 was detected in α-SMA -positive or collagen-I-positive cells, suggesting that LTBP2 was co-localized in activated fibroblasts/myofibroblasts of IPF lungs (Figures 2A,B). Murine models of PF showed that LTBP2 expression was detected in vimentin-positive fibroblasts, and the increased expression of LTBP2 was co-localized with α-SMA and collagen-I in lung fibrotic regions (Figures 2C–E). To further investigate the role of LTBP2 in lung fibroblast activation, we sorted LTBP2-expressing and LTBP2-negative fibroblasts from BLM-induced mice lungs (Supplementary Figure S1A) and analyzed the transcription of key profibrotic genes. As shown in Figure 2F, LTBP2-expressing fibroblasts expressed higher mRNA levels for Acta2, Col1α1, Col2α1, and fibronectin compared to LTBP2-negative fibroblasts. Taken together, our data indicate that LTBP2 is highly expressed in activated lung fibroblasts/myofibroblasts and positively related with lung fibroblast activation.
[image: Figure 2]FIGURE 2 | LTBP2 is co-localized in activated lung fibroblasts/myofibroblasts. (A) Representative results for co-immunostaining of LTBP2 (green) and α-SMA (red) in the lung sections from patients with IPF (n = 3). Scale bar = 20 μm. (B) Representative results for co-immunostaining of LTBP2 (green) and collagen-I (red) in the lung sections from patients with IPF (n = 3). Scale bar = 20 μm. (C) Results for co-immunostaining of LTBP2 (green) and vimentin (red) in mice lungs (n = 3). Scale bar = 20 μm. (D) Representative results for co-immunostaining of LTBP2 (green) and α-SMA (red) in mice lungs (n = 3). Scale bar = 20 μm. (E) Results for co-immunostaining of LTBP2 (green) and collagen-I (red) in mice lungs (n = 3). Scale bar = 20 μm. (F) qRT-PCR analysis of Acta2, Col1α1, Col2α1, and Fibronectin in LTBP2-expressing and LTBP2-negative lung fibroblasts (n = 3 per group). *p < 0.05, **p < 0.01. Nuclei are stained with DAPI (blue). Data are represented as means ± SD. Statistical significance was analyzed using t-test.
LTBP2 Silencing Attenuates BLM-Induced PF in Mice
To reveal the role of LTBP2 in PF, we designed three lentivirus shRNAs for LTBP2 silencing. We chose shRNA1 for further in vivo experiments because of its silencing efficiency (Supplementary Figures S1B, S1C). BLM-induced increase of LTBP2 protein was dramatically reduced in mice lungs after LTBP2 shRNA administration (∼59% decrease; Supplementary Figure S1D). LTBP2 silencing attenuated the extent and intensity of the lung injury, fibrosis regions formation, and collagen deposition, as demonstrated by H&E staining, Masson’s Trichome staining, and Ashcroft scores assessment (Figure 3B). These results suggest that LTBP2 silencing protects against BLM-induced PF in mice.
[image: Figure 3]FIGURE 3 | LTBP2 silencing attenuates BLM-induced pulmonary fibrosis in mice. (A) Strategy for knockdown LTBP2 in BLM-induced lung fibrosis mouse model. Mice were received an intratracheal injection of LTBP2 shRNA, scrambled shRNA (scr shRNA), or left untreated. Five days later, mice were received a single intratracheal administration of BLM or saline (B) Representative histopathological sections of lung tissues by Hematoxylin-eosin staining and Masson’s trichrome staining in mice. Scale bar = 50 μm. Fibrotic score was measured using the Ashcroft method. Quantification of positive Masson’s staining area was measured and statistically analyzed. n = 6, **p < 0.01 vs. control, ##p < 0.01 vs. BLM + scr shRNA. Data are represented as means ± SD. Statistical analysis was performed by one-way ANOVA.
Next, we analyzed the inflammatory response of LTBP2 silencing in mice 7 days after BLM treatment. In BLM-challenged mice, a significant increase in the alveolar wall thickness and serious inflammatory cell infiltration were observed. LTBP2 shRNA administration tended to reduce lung inflammation in BLM-treated mice, but this was not significant. Consistently, similar levels of cytokines IL-1β, IL-6, and TNFα were detected in BLM + LTBP2 scr shRNA-treated and BLM + LTBP2 shRNA-treated mice (Supplementary Figure S1E). These data suggest that LTBP2 silencing attenuates BLM-induced lung fibrosis without affecting the inflammatory response in response to lung injury.
LTBP2 Silencing Inhibits Fibroblast-to-Myofibroblast Differentiation and ECM Accumulation in Fibrotic Lungs of BLM-Stimulated Mice
The differentiation of fibroblasts to α-SMA expressing myofibroblasts is a pivotal event in the process of PF, resulting in excess accumulation of ECM components (Wynn, 2011). Abnormal ECM proteins deposition, including α-SMA, fibronectin, and collagen I, also drives PF progression (Herrera et al., 2018). Therefore, we investigated whether LTBP2 silencing attenuated PF by suppressing fibroblasts’ differentiation to myofibroblasts and decreasing the deposition of ECM proteins.
Desmin, an intermediate filament protein, can identify stromal cells with fibroblastic morphology. Our results for co-immunostaining suggested that LTBP2 expression was detected in desmin-positive fibroblasts from the BLM + scr shRNA group. However, LTBP2 expression was decreased in those from the BLM + shRNA group (Supplementary Figure S1F). These data suggested that LTBP2 shRNA administration decreased LTBP2 expression in lung fibroblasts. As shown in Figure 4A, desmin-positive lung fibroblasts had a myofibroblast marker (α-SMA) in the BLM-stimulated mice, which verified the involvement of fibroblasts’ differentiation to myofibroblasts in the fibrotic process. Notably, LTBP2 silencing prevented this differentiation. We also found that α-SMA and fibronectin expressions were significantly increased in the BLM-challenged mice. However, LTBP2 silencing significantly blunted upregulation in α-SMA and fibronectin expression levels in mice lungs (Figure 4B). Moreover, LTBP2 silencing significantly reduced lung collagen accumulation, indicated by Western blot, immunohistochemical staining, and the lung hydroxyproline levels (Figures 4B–D). Taken together, these results suggest that LTBP2 silencing is protective against fibrogenesis, possibly via limiting the BLM-induced fibroblast-to-myofibroblast differentiation and ECM deposition.
[image: Figure 4]FIGURE 4 | LTBP2 silencing inhibits fibroblast-to-myofibroblast differentiation and ECM accumulation in fibrotic lungs of BLM-stimulated mice. (A) Immunofluorescence analysis of desmin (pink) and α-SMA (red) were performed to assess the lung fibroblast-to-myofibroblast differentiation. Nuclei are stained with DAPI (blue). Scale bar = 20 μm. (B) Quantitative RT-PCR and western blot analysis of α-SMA, fibronectin, and collagen I in the lungs of mice. GAPDH was detected as the internal control (C) Immunohistochemistry for collagen I expression in the lungs of mice. Scale bar = 50 μm. Quantification of positive staining area was measured and statistically analyzed (D) The levels of hydroxyproline in the lungs of mice. n = 6, **p < 0.01 vs. control, ##p < 0.01 vs. BLM + scr shRNA. Data are represented as means ± SD. Statistical analysis was performed by one-way ANOVA.
LTBP2 Silencing Inhibits TGFβ1-Induced Differentiation of Fibroblasts in Vitro
TGFβ1 is a key profibrotic cytokine known to mediate the process of PF by lung fibroblasts accumulation and differentiation (Györfi et al., 2018). To determine whether the results in mice were reproducible in human cells, we analyzed the LTBP2 expression in HFL1 cells with or without stimulation by TGFβ1. TGFβ1 increased LTBP2 mRNA level and protein expression in HFL1 cells during fibroblasts’ differentiation to myofibroblasts, which was characterized by the increased expression of the marker gene α-SMA (Supplementary Figure S1G).
We next evaluated the effect of LTBP2 silencing on lung fibroblast differentiation by transfecting HFL1 cells with scrambled shRNA or LTBP2 shRNA combined with subsequent TGF-β1 stimulation. We designed three lentivirus shRNAs for human LTBP2 silencing and chose shRNA3 for further experiments because of its silencing efficiency (Supplementary Figure S1H). A significant reduction in the protein expressions of α-SMA, fibronectin, and collagen I was observed in HFL1 cells transfected with LTBP2 shRNA alone compared with scrambled shRNA (Figure 5A and Supplementary Figure S1I). Moreover, LTBP2 silencing abrogated TGFβ1-induced increases in α-SMA, fibronectin, and collagen I in HFL1 cells (Figure 5A). Consistently, immunofluorescence staining showed a lower number of α-SMA-positive cells and less collagen expression in HFL1 cells transfected with LTBP2 shRNA (Figures 5B,C). Collectively, these results suggest that LTBP2 silencing suppresses TGFβ1-induced fibroblasts’ differentiation to myofibroblasts in HFL1 cells.
[image: Figure 5]FIGURE 5 | LTBP2 silencing inhibits TGFβ1-induced differentiation of fibroblasts in vitro. (A) Quantitative RT-PCR and western blot analysis of α-SMA, fibronectin, and collagen I in HFL1 cells transfected with scrambled shRNA or LTBP2 shRNA followed by PBS or TGF-β1 stimulation. GAPDH was detected as the internal control. **p < 0.01 vs. scr shRNA, #p < 0.05, ##p < 0.01 vs. scr shRNA + TGFβ1 (B) Representative immunofluorescence staining of α-SMA (red) in HFL1 cells. Nuclei are stained with DAPI (blue). Scale bar = 20 μm. (C) Representative immunofluorescence staining of collagen I (red) in HFL1 cells. Nuclei are stained with DAPI (blue). Scale bar = 20 μm. Data are represented as means ± SD, n = 3. Statistical analysis was performed by one-way ANOVA.
LTBP2 Silencing Suppresses the Activation of NF-κB Signaling After BLM Treatment
Increased nuclear translocation of activated NF-κB initiates a cascade of responses, including abundant expression of proinflammatory molecules and profibrogenic cytokines that have been shown to be involved in the pathogenesis of PF (Christman et al., 2000; Meng et al., 2014). To elucidate the underlying mechanism of LTBP2 on lung fibroblasts differentiation and ECM deposition, we analyzed the effect of administering LTBP2 shRNA on NF-κB signaling in mice lungs. The results revealed that BLM administration induced phosphorylated NF‐κB p65 subunit translocation from cytoplasm into nucleus (Figure 6A). Western blot further confirmed that BLM significantly increased both p65 nuclear translocation and phosphorylated p65 levels, confirming the activation of NF-κB signaling (Figure 6B). However, LTBP2 silencing inhibited the BLM-induced phosphorylation and nuclear translocation of the NF‐κB p65 subunit (Figures 6A,B). These results suggest that LTBP2 silencing represses the activation of NF-κB signaling in the BLM-induced lung fibrosis murine model.
[image: Figure 6]FIGURE 6 | LTBP2 silencing suppresses the activation of NF-κB signaling after BLM treatment. (A) Representative immunofluorescence staining of phospho-NF-κB p65 (ser536) (red) in mice lungs. Nuclei are stained with DAPI (blue). Scale bar = 20 μm. (B) Western blot analysis of nuclear NF-κB p65 and nuclear phospho-NF-κB p65 (ser536) in the lungs of mice. Lamin B was detected as the internal control. n = 6, **p < 0.01 vs. control, ##p < 0.01 vs. BLM + scr shRNA. Data are represented as means ± SD. Statistical analysis was performed by one-way ANOVA.
LTBP2 Silencing Suppresses the Activation of NF-κB Signaling Induced by TGFβ1
As demonstrated previously here, LTBP2 silencing inhibited the phosphorylation and nuclear translocation of NF‐κB signaling in mice lungs. The effect of LTBP2 silencing on TGF-β1 -induced NF‐κB signaling activation in HFL1 cells was subsequently evaluated by immunofluorescence assay and Western blot. As shown in Figure 7, TGFβ1 stimulated phosphorylated NF‐κB p65 subunit translocation from cytoplasm into nucleus. However, TGFβ1-induced phosphorylation and nuclear translocation of NF‐κB p65 subunit in HFL1 cells were blunted by LTBP2 shRNA transfection. These results suggest that LTBP2 silencing suppresses the activation of NF-κB signaling during TGF-β1 stimulation.
[image: Figure 7]FIGURE 7 | LTBP2 silencing suppresses the activation of NF-κB signaling induced by TGFβ1. (A) Representative immunofluorescence staining of phospho-NF-κB p65 (ser536) (red) in HFL1 cells transfected with scrambled shRNA or LTBP2 shRNA followed by PBS or TGF-β1 stimulation. Nuclei are stained with DAPI (blue). Scale bar = 20 μm. (B) Western blot analysis of nuclear NF-κB p65 and nuclear phospho-NF-κB p65 (ser536) in HFL1 cells. Lamin B was detected as the internal control. **p < 0.01 vs. scr shRNA, #p < 0.05, ##p < 0.01 vs. scr shRNA + TGFβ1. Data are represented as means ± SD, n = 3. Statistical analysis was performed by one-way ANOVA.
LTBP2 Overexpression-Induced Lung Fibroblast-To-Myofibroblast Differentiation Depends on NF-κB Phosphorylation and Nuclear Translocation in Vitro
We further examined whether LTBP2 is sufficient alone to regulate lung fibroblast differentiation by conducting a gain-of-function experiment. Interestingly, LTBP2 overexpression induced significant changes in the protein levels of α-SMA, fibronectin, and collagen I (Figure 8 and Supplementary Figure S1J). These results suggest that LTBP2 overexpression is able to induce lung fibroblasts’ differentiation to myofibroblasts in HFL1 cells, even in the absence of TGFβ1.
[image: Figure 8]FIGURE 8 | LTBP2 overexpression-induced lung fibroblast-to-myofibroblast differentiation depends on NF-κB phosphorylation and nuclear translocation in vitro. Western blot analysis of α-SMA, fibronectin, and collagen I in HFL1 cells transfected with LTBP2 cDNA and/or BAY 11-7082 or vector. GAPDH was detected as the internal control. ##p < 0.01 vs. vector. *p < 0.05, **p < 0.01 vs. OE-LTBP2. Data are represented as means ± SD, n = 3. Statistical analysis was performed by one-way ANOVA.
BAY is a compound in widespread use as an anti-inflammatory agent, and acts as an inhibitor of the activation of the transcription factor NF-κB (Pierce et al., 1997; Hou et al., 2018). Therefore, we next used BAY to investigate the effect of NF-κB signaling on lung fibroblast differentiation induced by LTBP2 overexpression. Our results demonstrated that BAY alone did not affect cell viability, and BAY significantly inhibited LTBP2 overexpression-induced nuclear translocation of the NF-κB p65 subunit (Supplementary Figures S1K, S1L). LTBP2 overexpression induced increases in α-SMA, fibronectin, and collagen I expressions, which was also suppressed by BAY in a dose-dependent manner, with concentrations ranging from 2.5 to 10 μM (Figure 8).
LTBP2 Expression Is Up-Regulated in RA-ILD Patients and COVID-19-Related PF
We further investigated LTBP2 expression in PF with other different pathological origins. Compared with control group, lung samples originating from RA-ILD patients exhibited increased LTBP2 expression, while co-immunostaining of α-SMA suggested that LTBP2 was co-localized in activated fibroblasts/myofibroblasts (Figure 9A). As LTBP2 was a secreted protein, we measured serum LTBP2 concentrations in patients with PF secondary to COVID-19. Baseline characteristics are summarized in Supplementary Table S3. Serum levels of LTBP2 were similar between healthy controls and COVID-19 patients without PF (mean: 7.45 ng/ml (median: 6.53) compared with 7.04 ng/ml (median: 7.06), p > 0.05; Figure 9B). However, serum LTBP2 concentrations in patients with COVID-19-related PF were significantly higher than those in COVID-19 patients without developing PF (mean: 18.51 ng/ml (median: 17.51) compared with 7.04 ng/ml (median: 7.06), p < 0.01; Figure 9B).
[image: Figure 9]FIGURE 9 | LTBP2 expression is up-regulated in RA-ILD patients and COVID-19-related PF. (A) Representative results for co-immunostaining of LTBP2 (green) and α-SMA (red) in the lung sections from patients with RA-ILD (n = 3). Scale bar = 50 μm. (B) Serum LTBP2 concentrations in healthy controls (n = 11), COVID-19 patients without PF (n = 13), and patients with PF secondary to COVID-19 (n = 6). Data are represented as means ± SD. Statistical analysis was performed by one-way ANOVA.
DISCUSSION
In the present study, we identified that LTBP2 is upregulated in different types of patients with PF, including IPF, RA-ILD, and COVID-19-related PF, and in mice following BLM-induced PF. Specifically, LTBP2 is overexpressed in activated fibroblasts/myofibroblasts in fibrotic lung tissues. Our data show that LTBP2 silencing protects against BLM-induced PF and suppresses fibroblast-to-myofibroblast differentiation via blocking NF-κB signaling in vivo and in vitro. Interestingly, LTBP2 overexpression promotes lung fibroblast-to-myofibroblast differentiation in vitro, even in the absence of TGFβ1, which depends on the activation of NF-κB signaling. Taken together, our results support that strategy aimed at silencing LTBP2 may provide a viable therapy against PF.
LTBP2 has a broad tissue distribution and plays a structural role within elastic fibers in most cases (Shipley et al., 2000). LTBP2 may be associated with organ fibrosis, including the heart (Pang et al., 2020) and skin (Sideek et al., 2016). A previous study showed that serum LTBP2 concentrations in IPF patients were significantly higher than those in healthy controls, but the exact role of LTBP2 in PF had not been well understood (Enomoto et al., 2018). The BLM-induced lung fibrosis model, is able to reproduce many aspects of human IPF and other fibrotic ILDs, and is the best-characterized and most extensively used animal model (Liu et al., 2017). Here, we observed that lung tissues originating from different types of patients with PF, including IPF and RA-ILD, and from mice following BLM-induced PF were characterized by increased LTBP2 expression. Moreover, serum LTBP2 was also elevated in patients with COVID-19-related PF. Consistently, Li et al. (Li et al., 2021) demonstrated that LTBP2 was highly expressed in lungs of mice with PF. More importantly, we found that LTBP2 silencing by lentiviral transfection attenuated BLM-induced PF in mice. Therefore, our results provide evidence of the profibrotic role of LTBP2 in PF.
Fibrotic diseases are typically characterized by a progressive, vicious cycle of abnormally high myofibroblast accumulation. The activated myofibroblast is thought to be the main source of pathological ECM in fibrosis (El Agha et al., 2017; Philp et al., 2018). It has been reported that myofibroblasts in PF could originate from multiple cellular sources, including resident fibroblasts, circulating fibrocytes, epithelial cells, pericytes, and endothelial cells (El Agha et al., 2017; Walsh et al., 2018). Of these, resident fibroblasts make a major contribution to the myofibroblast population in PF (Hoyles et al., 2011) and the differentiation of fibroblasts to myofibroblasts is the primary feature during the progression of PF (Wynn, 2011). Consistent with these findings, we found that fibrotic mice lungs and lung samples originating from IPF and RA-ILD patients exhibited increases in the activated fibroblasts/myofibroblasts marker, and this pathological change was accompanied by increased LTBP2 expression. More importantly, we demonstrated that silencing LTBP2 inhibited fibroblast-to-myofibroblast differentiation and ECM deposition in BLM-treated mice lungs. This is in line with several studies that LTBP2 knockdown decreased collagen expression in myocardial fibrosis (Pang et al., 2020) and ECM gene expression in trabecular meshwork cells (Suri et al., 2018). Moreover, the above in vivo findings were further verified by in vitro observations that LTBP2 silencing inhibited TGF-β1-mediated fibroblast-to-myofibroblast differentiation in HFL1 cells. Through gain- and loss-of-function assays, we validated LTBP2 was essential and sufficient for TGF-β1-induced lung fibroblast differentiation in vitro. It was worth noting that in our study, the differences using the shRNA in vitro were less robust than data in vivo. We speculated that the results might be related to the difference in the best silencing efficiency of mouse LTBP2 shRNA and human LTBP2 shRNA, and besides fibroblasts, LTBP2 in other types of cells from mouse lungs might play a role in the phenotype through other different mechanisms. Collectively, these findings suggest that LTBP2 is a key regulator of fibroblast differentiation to myofibroblast in PF.
We then further investigated the molecular mechanism by which LTBP2 regulated fibroblast-to-myofibroblast differentiation in PF. As an important transcription factor, NF-κB transcription complexes consists of various homo- and heterodimers, including the subunits p50, p52, c-Rel, RelA (p65), and RelB (Sun, 2017). Previous studies have highlighted the significance of NF-κB signaling in the progression of PF (Inayama et al., 2006; Sun et al., 2015; Hou et al., 2018). Consistent with these reports, we found that the NF-κB signaling was activated by BLM or TGFβ1 in vivo or in vitro, respectively. Previous data have shown that LTBP2 knockdown inactivated the NF-κB signaling pathway, subsequently decelerating the progression of myocardial fibrosis (Pang et al., 2020). Our results suggested that LTBP2 silencing suppressed the activation of NF-κB signaling in vivo and in vitro. More importantly, we demonstrated that LTBP2 overexpression directly activated the NF-κB signaling and that LTBP2 overexpression-induced fibroblast-to-myofibroblast differentiation depended on the activation of NF-κB signaling in vitro. Contrary to our and others’ results, Kan et al. (Kan et al., 2015) reported that LTBP2 negatively regulated NF-κB p65 by decreasing phosphorylation of p65 at serine 536, inhibiting active phosphorylated p65 nuclear localization and weakening the p65 DNA-binding ability in nasopharyngeal carcinoma. We speculate LTBP2 may have a specific molecular function in each tissue type. NF-κB can be activated by mitogen-activated protein kinases (MAPKs) (Luo et al., 2010). A previous study has already showed that inhibiting MAPKs suppressed the angiotensin II-stimulated NF-κB cascade in HFL1 cells (Meng et al., 2014). Ren et al. (2015) found that upon a transcriptional analysis and interrogation of the KEGG database, LTBP2 knockdown affected the MAPK signaling pathway in HeLa cells. In human MSU-1.1 fibroblasts, a central bioactive region of LTBP-2 stimulated the expression of inactively TGF-β1 via p38 MAPK signaling pathways (Sideek et al., 2017). Therefore, in the future, it is necessary to further study the relationship between LTBP2 and MAPKs signaling in PF. While NF-κB is a key signaling pathway targeted by LTBP2 in PF, we cannot rule out the involvement of other signaling pathways which would be very interesting to explore in future studies. In addition, although LTBP2 has not been reported to have transcription factor-like functions, a previous study showed that LTBP2 was one of the super-enhancer-driven pathogenic genes in lung fibrosis and Myc was one of the transcription factors binding to the LTBP2 super-enhancer (Li et al., 2021). Therefore, it’s not ruled out that LTBP2 may directly regulate promoter activity of α-SMA, fibronectin and Col1α, and it would be necessary to explore in the future.
PF is not a single disease. Instead, it is the result of various processes that cause widespread scarring in the lungs. In this study, we investigated LTBP2 expression in three PF with different pathological origins: IPF, RA-ILD and COVID-19-related PF. IPF is defined as UIP based on HRCT and/or histopathological pattern after exclusion of other known causes of ILD (Raghu et al., 2018). IPF patients demonstrate large heterogeneity in their pulmonary manifestation of fibrosis, and it is generally not regarded as an inflammatory disease (Strieter and Mehrad, 2009). RA is a systemic inflammatory autoimmune disorder that can be associated with extra-articular manifestations in up to 50% of patients (Turesson, 2013). Among those with multiple extra-articular manifestations, ILD is the most frequent and worsens the disease prognosis (Bongartz et al., 2010). Contrary to ILD associated with other connective tissue diseases, the most prevalent pattern in RA-ILD is UIP followed by nonspecific interstitial pneumonia (Wu et al., 2019). Compared to RA patients with a non-UIP pattern, a proportion of those with UIP have similar phenotype and mortality as IPF (Song et al., 2013; Samara et al., 2017). The pattern in RA-ILD patients included in the current study is UIP. Moreover, IPF and RA-ILD share some phenotypic characteristics, autoimmune features, and a genetic background (Juge et al., 2020). The hallmarks of IPF and RA-ILD are both fibroblast/myofibroblast hyperproliferation, fibroblast foci formation, and ECM protein deposition. PF has been recognized as a potential sequela among COVID-19 survivors. Virus-induced lung injury, immune response, and attempts at healing are central to the process of fibrogenesis (Ojo et al., 2020). Features of COVID-19 presents some common points with IPF and RA-ILD, typically characterized by a chronic progression over time and possibly complicated by acute exacerbation (Manfredi et al., 2020). Our data showed that LTBP2 expression was up-regulated in patients with IPF, RA-ILD and COVID-19-related PF. However, our study has limitations in BLM-induced PF murine model and it would be necessary to use different animal models to further evaluate the exact role of LTBP2 in RA-ILD and COVID-19-related PF in future studies.
CONCLUSION
In summary, our study demonstrates that LTBP2 serves as a pro-fibrotic regulator in pulmonary fibrogenesis and that LTBP2 regulates fibroblasts’ differentiation to myofibroblasts via NF-κB signaling. Therefore, LTBP2 may be a potential therapeutic target for the treatment of PF.
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Objective: To clarify the molecular mechanism of TMEM88 regulating lipid synthesis and metabolism cytokine in NAFLD.
Methods: In vivo, NAFLD model mice were fed by a Methionine and Choline-Deficient (MCD) diet. H&E staining and immunohistochemistry experiments were used to analyze the mice liver tissue. RT-qPCR and Western blotting were used to detect the lipid synthesis and metabolism cytokine. In vitro, pEGFP-C1-TMEM88 and TMEM88 siRNA were transfected respectively in free fat acid (FFA) induced AML-12 cells, and the expression level of SREBP-1c, PPAR-α, FASN, and ACOX-1 were evaluated by RT-qPCR and Western blotting.
Results: The study found that the secretion of PPAR-α and its downstream target ACOX-1 were upregulated, and the secretion of SREBP-1c and its downstream target FASN were downregulated after transfecting with pEGFP-C1-TMEM88. But when TMEM88 was inhibited, the experimental results were opposite to the aforementioned conclusions. The data suggested that it may be related to the occurrence, development, and end of NAFLD. Additionally, the study proved that TMEM88 can inhibit Wnt/β-catenin signaling pathway. Meanwhile, TMEM88 can accelerate the apoptotic rate of FFA-induced AML-12 cells.
Conclusion: Overall, the study proved that TMEM88 takes part in regulating the secretion of lipid synthesis and metabolism cytokine through the Wnt/β-catenin signaling pathway in AML-12 cells. Therefore, TMEM88 may be involved in the progress of NAFLD. Further research will bring new ideas for the study of NAFLD.
Keywords: lipid metabolism, AML-12 cells, Wnt/β-catenin, FFA, TMEM88
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a disorder of liver lipid metabolism under non-alcoholic stimulation and excessive precipitation of liver cell fat, leading to fatty liver, non-alcoholic steatohepatitis (NASH), and other related diseases (Maurice and Manousou 2018; Geh et al., 2021). With the global obesity epidemic, the incidence of NAFLD continues to increase, and it has become the most common chronic liver disease on a global scale (Younossi 2019). The incidence of NAFLD in adults is about 17–33%, and the incidence in obese people is as high as 75%. Among them, the incidence of cirrhosis in NAFLD for 10 years is 25% (Borrelli et al., 2018; Maurice and Manousou 2018). Although there are many theories and hypotheses about the pathogenesis of NAFLD, they fail to cover the whole process of occurrence and development. A lot of evidence showed that it was related to the imbalance of lipid homeostasis caused by abnormal regulation of lipid metabolism (Buzzetti et al., 2016). The accumulation of triglycerides in liver parenchymal cells is the main feature of NAFLD. The main mechanism of hepatocyte fat deposition is the imbalance of triglyceride synthesis and output in the liver (Mashek 2021). Most of the sterol regulatory elements of transcription cytokine are also downstream target genes of the binding protein such as fatty acid synthase (FAS). They have also been involved in the synthesis of carbohydrate reactive element–binding protein (ChREBP) in the liver (Barbaro et al.). According to relevant experimental reports, the Wnt/β-catenin signaling pathway can regulate liver lipid anabolism by regulating other regulatory cytokines, such as SREBP-1c, FAS, and PPAR family (Xu et al., 2014; Seo et al., 2016).
Additionally, TMEM88 is a potential type 2 transmembrane protein generated by transcription and translation on chromosome 17p13.1. However, as far as the current research was concerned, the research on the related expression mechanism of this protein was still limited, and its potential application value is gradually receiving attention. Recent studies showed that β-catenin located in the cytoplasm was recognized by the phosphorylation site of GSK3β and phosphorylated and degraded, thereby inhibiting the classic Wnt/β-catenin signaling pathway. Research on TMEM88 indicated that TMEM88 had an inhibitory effect on the Wnt/β-catenin signaling pathway in HEK293 cells, and this impact can also mediate the development of human embryonic stem cells to cardiomyocytes. In addition, an experiment found that TMEM88 has a protective function on alcoholic liver fibrosis (Li et al., 2020). It proved that TMEM88 can play a certain regulatory role in the happening and progress of liver diseases. Therefore, this experiment further speculated that TMEM88 may mediate the Wnt/β-catenin signaling pathway to maintain lipid homeostasis and protect liver cells.
This research was devised to probe the metabolic function and molecular mechanisms of TMEM88 in NAFLD. In vivo study, the MCD-fed mice were used to study the mechanism of TMEM88 in NAFLD. FFA-induced AML-12 cells were used to observe the regulatory mechanism of TMEM88 in vitro. The results showed that TMEM88 can regulate lipid metabolism cytokine which provided a strategy for the diagnosis and treatment for NAFLD-related diseases.
MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium was purchased from HyClone (Beijing, China). Lipofectamine™ 2000 and TRIzol were purchased from Invitrogen (Carlsbad, CA, United States). An ECL-Chemiluminescence kit was purchased from ThermoFisher Scientific (NYC, United States). An FITC Annexin V Apoptosis Detection Kit I was purchased from BestBio (Shanghai, China). Fetal bovine serum (FBS) and Opti-MEM were purchased from Gibco (Grand Island, NY, United States). The primers of TMEM88, SREBP-1c, PPAR-α, FASN, and ACOX-1 were produced by Sheng gong Biotechnology Company (Shanghai, China). TBST was purchased from Boster (Boster, China). Extraction buffer, PMSF, and RIPA lysis buffer were purchased from Beyotime (Hangzhou, China). β-catenin inhibitor FH535 (HY-15721) was purchased from MCE (Shanghai, China). Methionine- and choline-deficient diet (MCD) (TP 3006) and methionine- and choline-supplement diet (MCS) (TP 3006S) were purchased from Trophic (Nantong, China). Palmitoleic acid (P860713) and oleic acid (O815202) were purchased from Macklin (Shanghai, China). TMEM88 (sc135525) monoclonal antibody was purchased from Santa Cruz Biotechnology (CA, United States). Anti-β-actin (Cat: TA-09) monoclonal antibody was purchased from Santa Cruz Biotechnology (CA, United States). c-myc (2278T), cyclin D1 (2978T) monoclonal antibodies were purchased from Cell Signaling Technology (MA, United States). PPAR-α(DF6073) and SREBP-1c (AF6283) monoclonal antibodies were purchased from Affinity (Cincinnati, United States). FASN (ab128870) and ACOX-1 (ab32072) were purchased from Abcam (Cambridge, United Kingdom). Goat anti-mouse immunoglobulin (IgG) (ZB-2305) and goat anti-rabbit immunoglobulin (IgG) (ZB-2301) secondary antibodies were purchased from ZSGBBIO (Beijing, China).
Construction of Non-Alcoholic Fatty Liver Disease Model
The mice used to construct the NAFLD model were 8-weeks-old male C57BL/6J mice. The animal trial procedure was approved by the Ethics Committee of Bengbu Medical College. All male mice were randomly divided into two groups (n = 10). Normal group mice were fed with MCS feed, experimental group mice were fed with MCD. After 8 weeks of continuous feeding, the mice were anesthetized and killed in the early morning of the last day. Blood and liver tissue were collected for further analysis.
Cell Culture
AML-12 cells were nourished in DME/F12 medium containing 10% FBS and nurtured in a 37°C moist incubator and 5% CO2. Different times and concentrations of FFA were used to stimulate AML-12 cells.
Oil Red
The AML-12 cells were divided into two groups. The experimental group was induced by FFA for 24 h, then ORO Fixative was used to fix AML-12 cells for 15–25 min, 60% isopropyl alcohol was used to wash the cells for 5 min, and the ORO Stain was used to stain the AML-12 cells, then stained for 10–15 min by airtight, and water was used to remove the staining solution. Then Mayer hematoxylin staining solution was used to counter-stain the cell nucleus for 1∼2 min, then discard the staining solution and wash with water 3 times, then microscope was used to observe the stain.
Edu Staining
4% fixative was used to fixate the fresh liver tissues for 24 h, then the tissues were dehydrated with ethanol from high concentration to low concentration, and put in xylene. The treated tissues were embedded in paraffin and sectioned, and then xylene and gradient alcohol were used to dewax and dehydrate. Then HE was used to dye, gradient alcohol was used to dehydrate. After permeation with xylene for 5 min, the tissues were observed by microscope.
siRNA and Plasmid Transfection
The AML-12 cells were seeded into 6-well plates and transfected according to previous research methods (Barbaro, Romito, and Alisi). After 6 h of transfection, the cells were cultured in DMF/F12 medium for 24 h, and the siRNA sequence used for transfection is as follows: F:5′-UCAUGUUAGGCUUCGGCUUTT-3'; R:5′-AAGCCGAAGCCUAACAUGATT -3'; negative control: F: 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′, R:5′-ACGUG ACA​CUG​GCG​GAG​AAT​T-3'.
Cell Viability Assays
Cell proliferation was analyzed by using CCK-8 assay. Cells were transferred into 96-well plates with a volume of 100 ul per well, with a cell density of 1 × 104 cells, and placed in the incubator until they adhere to the wall. Different concentrations of FFA were used to induce cells for 24 h. Then 10 ul of CCK8 solution was added to each well and incubated for 3 h in the incubator. Then a microplate reader was used to measure the optical density (OD) at a wavelength of 490 nm, and the percent viability was calculated. The experimental data were repeated three times.
Flow Cytometry
After transfection and FFA stimulation, AML-12 cells were lysed with trypsin for 2 min and then gently pipetted into a 1.5-ml EP tube for centrifugation. The supernatant was discarded, and cold PBS was added for washing and centrifugation, and the previous operation was repeated three times. Annexin V working solution was added to resuspend the cells and then PI staining was performed, and the solution was incubated for 10 min in the dark.
RNA Isolation and RT-qPCR
TRIzol reagent and chloroform were used to extract RNA from AML-12 cells, then RNA was transferred in the water phase to another RNase-free centrifuge tube and isopropanol was added to precipitate, and the resulting RNA was dissolved in enzyme-free water. The first-strand cDNA synthesis kit was used for RNA reversing. GAPDH was used as an internal reference for detection in an RT-qPCR instrument. The primers used for PCR are shown in Table 1.
TABLE 1 | Primer sequences for quantitative real-time reverse transcription polymerase chain reaction.
[image: Table 1]Western Blotting
A new RIPA lysis buffer containing 1% PMSF was used to extract proteins from liver tissue and AML-12 cells. The BCA protein detection kit measured the protein concentration. The same amount of protein was resolved by SDS-PAGE then the PVDF membrane was used to transfer. After blocking in blocking buffer, the membrane was washed three times in TBS-Tween buffer. The membrane with the specific primary antibody was incubated in the primary antibody dilution buffer in a 4°C refrigerator for 12 h. Meanwhile, β-actin was used by mouse secondary antibody. TMEM88, SREBP-1c, PPAR-α, FASN, ACOX-1, and β-catenin were used by rabbit secondary antibody. After washing three times with TBST, the ECL chemiluminescence kit was used to detect the protein.
Immunohistochemistry
Before dewaxing, the liver slices were placed in a constant temperature oven at 60°C for 1 h. The tissue slices were soaked in xylene and ethanol of different concentrations for hydration, and then the slices were immersed in a sodium citrate buffer. Then the antigen was repaired by high pressure. After cooling to room temperature, 3% H2O2 was added and allowed to stand for 15 min for inhibiting endogenous peroxidase activity and then 2% bovine serum albumin (BSA), TMEM88 (1:100) was added. And α-SMA (1: 100), the primary antibody was incubated at 4°C for 16 h. The expression was identified by using DAB color-developing solution. The sections were subsequently counterstained with hematoxylin for 5 min and then dehydrated in reduced concentration ethanol, dried, photographed, mounted, and stored.
Statistical Analysis
All experimental data were repeated in triplicate. The difference between groups was analyzed by t-tests or one-way ANOVA and processed by SPSS 18.0 software. The data were presented as mean ± standard deviation (SD). If a p-value was less than 0.05, the data were considered statistically significant. If a p-value was less than 0.01, the data were considered statistically significant.
RESULTS
TMEM88 was Downregulated in Liver Tissue of Non-Alcoholic Fatty Liver Disease Mice
To observe the pathological changes of NAFLD in vivo. In this experiment, all MCD-fed mice which developed fatty liver and injury caused by the imbalance of lipid metabolism. The H&E staining results proved that the the NAFLD liver of the MCD-fed group exhibited fatty vacuoles and inflammatory infiltration, the gap between cells was enlarged, and the liver cord was disordered (Figure 1A). Immunohistochemistry results indicated that the expression level of TMEM88 was reduced in the MCD-fed group (Figure 1B). In addition, the blood collected from the corner of the eye was used to test the serum. The result indicated that the expression level of ALT and AST was upregulated in the MCD-fed group (Figure 1C). The expression level of TMEM88 in NAFLD mice liver was tested to make sure that whether TMEM88 was involved in NAFLD. RT-qPCR and Western blotting results indicated that the expression level of TMEM88 was reduced in the MCD-fed group (Figures 1D,E).
[image: Figure 1]FIGURE 1 | TMEM88 expression was suppressed in NAFLD model. (A) The H&E stain in liver tissues. Fat vacuoles and intercellular spaces dilatation were appeared in NAFLD liver tissues, while the normal liver tissues indicated that normal lobular architecture. (B) Immunohistochemistry indicated that the expression of TMEM88 was reduced in MCD-fed mice liver tissues of (C). The serum levels of ALT and AST in the MCD-fed group were increased. (D,E) RNA and protein results showed that compared with the normal group, TMEM88 was inhibited in MCD-fed mice. (Data are represented by at least three independent mean ± SD, *p < 0.05, **p < 0.01 vs normal group).
SREBP-1c, PPAR-α, FASN, and ACOX-1 are representative lipid metabolism cytokines. The results suggested that expression of levels of PPAR-α and ACOX-1 were reduced, while SREBP-1c and FASN were upregulated in liver samples (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Expression level of lipid metabolism cytokine in MCD-fed mice. (A,B) The mRNA and protein expression levels of FASN and SERBP-1C were increased. PPAR-α and ACOX-1 expression were decreased in NAFLD liver tissues. (Data are represented by at least three independent mean ± SD, *p < 0.05, **p < 0.01 vs normal group).
TMEM88 was Reduced in Free Fat Acid–Induced AML-12 Cells
To observe the pathological changes of NAFLD in vitro and the expression level of TMEM88 in FFA-induced AML-12 cells. AML-12 cells were stimulated by different concentrations of FFA and at different times. First, the oil red staining results demonstrated that compared with the normal group, it can be seen that the FFA-induced group was successfully constructed (Figure 3A). Second, different concentrations of FFA were used to induce AML-12 cells for 24 h. It indicated a dose-dependent decrease in cell viability (Figure 3B). Third, the experimental results indicated that the expression level of TMEM88 continued to decrease with the increasing concentration of FFA stimulation in the experiment and reached a bottom protein level after 24 h of inducing by 2 mM FFA (Figure 3C). Fourth, the AML-12 cells were induced by 2 mM FFA in different hours to observe the expression level of TMEM88. Western blotting results proved that the TMEM88 protein level reached a valley when AML-12 cells were stimulated by FFA for 24 h (Figure 3D). Last, AML-12 cells were transfected with TMEM88siRNA and pEGFP-C1-TMEM88, respectively. The results showed that the TMEM88siRNA or pEGFP-C1-TMEM88, has been successfully transfected in AML-12 cells (Figures 3E,F).
[image: Figure 3]FIGURE 3 | FFA inhibited TMEM88 expression in AML-12 cells. (A) The oil red stains in AML-12 cells and FFA-induced AML-12 cells. The results showed that fat granules appear in the FFA-induced cell model. (B) Viability of AML-12 cells at different FFA concentrations. (C) TMEM88 protein expression level was significantly reduced, after being induced with 2 mM FFA. (D) A significant reduction of the expression level of TMEM88 protein was significantly reduced after FFA was stimulated with 24 h. (E) TMEM88 mRNA expression levels in FFA-induced AML-12 cells after pEGFP-C1-TMEM88 and TMEM88 siRNA transfection. (F) TMEM88 protein expression levels in FFA-induced AML-12 cells after transfected with pEGFP-C1-TMEM88 and TMEM88 siRNA. (The data are represented by at least three independent mean ± SD, *p < 0.05, **p < 0.01 vs normal group. #p < 0.05, ##p < 0.01 vs control group).
TMEM88 Promoted Lipid Metabolism in Free Fat Acid–Induced AML-12 Cells
To analyze the regulation mechanism of TMEM88 on lipid synthesis and metabolism cytokines, AML-12 cells were transfected with the TMEM88siRNA or pEGFP-C1-TMEM88. The results indicated that upregulation of TMEM88 inhibited the expression levels of SREBP-1c and FASN and upregulated PPAR-α and ACOX-1 in FFA-induced AML-12 cells (Figure 4A, Figure 5A). Meanwhile, the expression level of lipid synthesis and metabolism cytokines was opposite when TMEM88 was knocked out (Figure 4B, Figure 5B). All in all, these results indicated that the secretion of PPAR-α and ACOX-1 was positively regulated by TMEM88, while SREBP-1c and FASN were negatively regulated.
[image: Figure 4]FIGURE 4 | Silencing or overexpression of TMEM88 regulated the lipid metabolism in FFA-induced AML-12 cells (A) When TMEM88 was overexpressed, the expression levels of FASN and SREBP-1c decreased. In contrast, (B) When TMEM88 was silenced, the expression levels of FASN and SREBP-1c were upregulated. (Data are represented by at least three independent mean ± SD, *p < 0.05 vs normal group, #p < 0.05, ##p < 0.01 vs control group).
[image: Figure 5]FIGURE 5 | Silencing or overexpression of TMEM88 regulated the lipid metabolism in FFA-induced AML-12 cells. (A) The results of RT-qPCR and Western blotting showed that transfection of TMEM88 siRNA downregulated the expression levels of PPAR-α and ACOX-1. Conversely, (B) pEGFP-C1-TMEM88 upregulated the expression levels of PPAR-α and ACOX-1. (The data are represented by at least three independent mean ± SD, *p < 0.05 vs normal group, #p < 0.05 vs control group).
TMEM88 Inhibited Cell Proliferation in Free Fat Acid–Induced AML-12 Cells
To explore the effect of TMEM88 on cell proliferation in FFA- induced AML-12 cells. Edu staining was used to detect proliferation. Cell reproduction was represented by the image of AML-12 cells stained with EDU (red), while the nucleus was marked with Hochest (blue). The results showed that TMEM88 siRNA can significantly promote the proliferation of activated AML-12 cells. On the contrary, the image indicated that the cell proliferation was inhibited after transfecting with pEGFP-C1-TMEM88 in FFA-induced AML-12 cells (Figure 6A).
[image: Figure 6]FIGURE 6 | TMEM88 inhibited the proliferation of AML-12 cells stimulated by FFA. (A) Edu staining detected the effect of TMEM88 on the proliferation of AML-12 cells stimulated by FFA. The image of AML-12 cells stained by Edu (red) represents cell proliferation, and Hochest (blue) was used to mark the cell nucleus.
TMEM88 Promoted Cell Apoptosis in Free Fat Acid–Induced AML-12 Cells
To research the function of TMEM88 on the cell apoptotic rate. Annexin V-FITC/PI double staining flow cytometry was used to process apoptosis. The result showed that the apoptosis of AML-12 cells was significantly inhibited when TMEM88 was knocked out. On the other hand, the overexpression of TMEM88 induced a higher apoptotic rate (Figures 7A,B). Above all, TMEM88 can regulate the apoptosis of AML-12 cells.
[image: Figure 7]FIGURE 7 | Apoptosis of AML-12 cells induced was inhibited by FFA. (A,B) Flow cytometer results indicated that the expression of TMEM88 was positively correlated with AML-12 cell apoptosis. (The data are represented by at least three independent mean ± SD, *p < 0.05, **p < 0.01 vs control group).
TMEM88-Mediated Wnt/β-Catenin Signaling Pathway in Free Fat Acid–Induced AML-12 Cells
To detect the regulated mechanism of Wnt/β-catenin in NAFLD, this study found that the expression of the Wnt/β-catenin signaling pathway was increased in FFA-induced AML-12 cells. In addition, the Western blotting results suggested that the expression of β-catenin, c-myc, and cyclin D1 was greatly increased when knocking out TMEM88 (Figure 8A). On the other hand, β-catenin, c-myc, and cyclin D1 signaling pathways were significantly downregulated when TMEM88 was overexpressed in AML-12 cells (Figure 8B). Furthermore, the β-catenin inhibitor FH535 was used to inhibit the β-catenin signaling pathway. The result showed that the downregulation of β-catenin can promote lipid metabolism (Figure 8C). Briefly, these results showed that the Wnt/β-catenin signaling pathway may regulate the lipid metabolism of TMEM88 in AML-12 cells.
[image: Figure 8]FIGURE 8 | Expression of β-catenin and related signaling pathways in FFA-induced AML-12 cells. (A,B) The Wnt/β-catenin, c-myc, and cyclin D1 signaling pathways were elevated in FFA-induced AML-12 cells. (C) The downregulated of β-catenin can promote lipid metabolism. (The data are represented by at least three independent mean ± SD, *p < 0.05 vs control group, #p < 0.05 vs siRNA+β-catenin inhibitor group).
DISCUSSION
There is currently no effective treatment for NAFLD. Its pathogenesis is generally difficult to detect at the beginning. Its process includes fat accumulation, inflammatory infiltration, cell damage, fibrosis, oxidative stress, and cancerous, similar to alcoholic fatty liver (Cobbina and Akhlaghi 2017; Baselli and Valenti 2019; Hu et al., 2019). It is the main life-threatening reason for liver disease. The main feature is the accumulation of fat in the liver caused by lipid anabolism (Tian et al., 2016; Barbaro et al., 2018; Del Campo et al., 2018). Moreover, as the living environment changes, the incidence of non-alcoholic fatty liver disease (NAFLD) is increasing globally (Younossi et al., 2016; Zhou et al., 2019; Ray 2021). The prevalence of NAFLD worldwide is approximately 25% (Younossi et al., 2016), the lowest incidence in Africa is 13% (26707365 (Younossi et al., 2016), and the incidence in Southeast Asia is as high as 42% (Li et al., 2019). It is estimated that the prevalence of NASH in western Europe, the United States, Japan, and China will show an increase by 56% in the next 10 years (Huang et al., 2021). Furthermore, TMEM88 can inhibit the Wnt/β-catenin–mediated in inflammatory and cancer (Ma et al., 2017; Xu et al., 2018). This experiment explores whether the Wnt/β-catenin signaling pathway can be mediated by TMEM88 and then regulated lipid metabolism in NAFLD models.
Currently, the underlying molecular mechanism of lipid metabolism imbalance in liver cells is still not fully understood. In addition, the experiment indicated that TMEM88 also mediated the secretion of inflammatory cytokines, which showed that TMEM88 played a role in inflammatory diseases (Li et al., 2020). Moreover, the results of our past research showed that TMEM88 was reduced in HCC tissues and can be used to regulate HCC (Zhang et al., 2017). While TMEM88 in NAFLD has not been studied. The current research clarified the regulatory effect of TMEM88 in the fatty liver and its internal mechanism. First of all, protein and RNA results proved that the expression of TMEM88 was significantly reduced, compared with the normal group. The results demonstrated that TMEM88 may play an indispensable role in FFA-induced AML-12 cells. Furthermore, our research showed that in FFA-induced AML-12 cells and MCD-fed mice, the expression levels of SREBP-1c and FASN are higher in NAFLD, and ACOX-1 and PPAR-α expression levels were lower. Therefore, the experimental results demonstrated that the secretion of lipid metabolism cytokine SREBP-1c, PPAR-α, FASN, and ACOX-1 was regulated by TMEM88 in vivo. Moreover, this study also proved that the FASN and SREBP-1c were downregulated, while PPAR-α and ACOX-1 were increased by transfecting FFA-induced AML-12 cells with pEGFP-C1-TMEM88. Additionally, compared with the pEGFP-C1 transfection group, the FFA stimulation group and pEGFP-C1 transfection group were not statistically significant. In addition, the experiment proved that FASN and SREBP-1c were overexpressed, while the expression of PPAR-α and ACOX-1 was reduced by FFA-induced intracellular transfection with TMEM88 siRNA. Therefore, this experiment can infer that the baseline level of TMEM88 was essential for the expression of cell lipid metabolism cytokine genes. It can increase the level of lipid oxidation cytokines in AML-12 cells and negatively regulate lipid synthesis.
The classic Wnt/β-catenin signaling pathway is the best characterized Wnt pathway that participates in the development of animal embryos, and its dysfunction is closely related to a variety of other malignant tumors (Baselli and Valenti 2019). The β-catenin signaling pathway was phosphorylated and degraded by GSK3β when the Wnt signaling pathway was inhibited (Lee et al., 2021). In addition, the Wnt/β-catenin signaling pathway is the main target of the Hippo signaling pathway (Heallen et al., 2011). It also has the function of mediating liver fibrosis (Bhalla et al., 2012), liver regeneration (Cai et al., 2021), and HCC (Baselli and Valenti), and it can also influence the cell cycle (Barbaro, Romito, and Alisi). Studies showed that the Wnt/β-catenin signaling pathway can mediate tissue growth, development, homeostasis, and repair in a variety of ways (Majidinia et al., 2018; Fan et al., 2020). The Wnt/β-catenin signaling pathway was mediated by TMEM88 and then regulated the secretion of lipid metabolism cytokines. However, the molecular mechanism of the Wnt/β-catenin signaling pathway is still unclear in NAFLD HCC. There was no relevant research on the regulation effect of TMEM88 on the Wnt/β-catenin signaling pathway. Furthermore, hepatic steatosis needed further research. The previous research reports showed that liver fibrosis can be reduced by reversing the activation of HSCs and accelerating hepatocyte apoptosis by blocking the Wnt/β-catenin signaling pathway (Chen et al., 2020; Huang et al., 2021; Jing et al., 2021). However, the relationship between the Wnt/β-catenin signaling pathway and NAFLD has not been reported yet. Therefore, this study deduced the key pathway of TMEM88 regulation mechanism in vivo. Moreover, the study result proved that the expression of the Wnt/β-catenin signaling pathway was decreased after FFA-induced AML-12 cells transfected with the TMEM88 overexpression plasmid. In conclusion, research results showed that the influence of intracellular lipid metabolism cytokines by Wnt/β-catenin, cyclin D1, and c-myc were inseparable from the mediation of TMEM88 in FFA-induced AML-12 cells.
In summary, this study showed that in FFA-induced AML-12 cells, the TMEM88 transmembrane protein and the Wnt/β-catenin signaling pathway can mutually regulate the secretion of cell lipid metabolism cytokines. In the next experiment, transcriptome sequencing will be performed on FFA-stimulated AML cells to find upstream regulatory cytokines of TMEM88, such as RNA or DNA. It is a great task to master the principle of these lipid metabolism regulators, but we must explore these regulators as a breakthrough point in the treatment of NAFLD-related diseases. Furthermore, with the continuous in-depth research on NAFLD and the development of science and technology, it is believed that the pathogenesis of NAFLD can be better clarified in the near future, a target for the treatment of NAFLD can be explored, and more patients can be cured.
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COVID-19 is a highly contagious respiratory disease, which mainly affects the lungs. Critically ill patients are easily complicated by cytokine storms, acute respiratory distress syndrome (ARDS), and respiratory failure, which seriously threaten their lives. Pulmonary fibrosis (PF) is a common interstitial lung disease, and its pathogenesis may involve the participation of a variety of immune cells and inflammatory factors. Current studies have shown that patients with COVID-19 may be complicated by pulmonary fibrosis, and patients with pulmonary fibrosis may also be at higher risk of contracting COVID-19 than healthy people. Pulmonary fibrosis is an important risk factor leading to the aggravation of COVID-19 disease. COVID-19 complicated by cytokine storm and ARDS mechanism pathways are similar to the pathogenesis of pulmonary fibrosis. The potential interaction between pulmonary fibrosis and COVID-19 can cause acute exacerbation of the patient’s condition, but the potential mechanism between the two has not been fully elucidated. Most of the drug treatment programs for COVID-19-related pulmonary fibrosis are currently formulated about the relevant guidelines for idiopathic pulmonary fibrosis (IPF), and there is no clear drug treatment program recommendation. This article aims to summarize the relevant mechanism pathways of COVID-19 and pulmonary fibrosis, explore the interrelationships and possible mechanisms, and discuss the value and risks of existing and potential COVID-19-related pulmonary fibrosis treatment drugs, to provide reference for anti-fibrosis treatment for patients.
Keywords: pulmonary fibrosis, COVID-19, mechanism, interaction, drug, treatment
INTRODUCTION
Severe Acute Respiratory Syndrome Coronavirus type 2 (SARS-COV-2) belongs to the coronavirus subfamily, named coronavirus disease 2019 by the World Health Organization. It is more infectious than Severe Acute respiratory syndrome (SARS) and Middle East Respiratory Syndrome (MERS). Unfortunately, it first broke out in Wuhan, China, in December 2019. Patients infected with SARS-COV-2 may be asymptomatic or present with severe symptoms such as acute respiratory distress syndrome (ARDS) and pulmonary fibrosis. Pulmonary fibrosis (PF) is a common interstitial lung disease, and its pathogenesis may involve the joint participation of various immune cells and inflammatory factors. It is characterized by excessive deposition of extracellular matrix (ECM) in the lung interstitium, which destroys typical parenchymal structure and leads to progressive loss of lung function. Of these, idiopathic pulmonary fibrosis (IPF) is the most common the most severe form, with a median survival of only 2–3 years for untreated patients (Sharif, 2017). The risk factors of idiopathic pulmonary fibrosis and COVID-19 have a lot in common, such as age, sex, smoking history, hypertension, diabetes, obesity, and so on (Li HH. et al., 2021). Both diseases start from lung injury. COVID-19 can lead to more severe ARDS, while IPF usually progresses slowly, and the incidence is hidden.
According to an international multicenter study, the survival rate of hospitalized patients for COVID-19 complicated with idiopathic pulmonary fibrosis or non-idiopathic pulmonary fibrosis was significantly lower than that of patients without pulmonary fibrosis, that is, patients with Interstitial lung diseases (ILD), especially those with fibrotic ILD, faced a higher risk of death after infection with COVID-19 (Drake et al., 2020). A cohort study, which brought into 8,256,161 COVID-19 patients with respiratory diseases, proposed that compared with patients without respiratory diseases, patients with respiratory diseases had a higher risk of hospitalization due to new corona pneumonia (Aveyard et al., 2021). And COVID-19 and IPF have similar risk factors (George et al., 2020). It means that pulmonary fibrosis may be associated with the occurrence of severe COVID-19. COVID-19 Patients with idiopathic pulmonary fibrosis may have a poor prognosis and high mortality.
All ILD, especially IPF, is characterized by acute exacerbation. The pathobiology of acute exacerbation of IPF may be related to inherent defects, an internal acceleration of potential fibrotic conditions, or a response to hidden external events leading to acute lung injury (ALI) and histopathological diffuse alveolar injury (DAD), which make the lungs of IPF patients more vulnerable to external injury than non-IPF. And respiratory failure caused by an acute exacerbation of IPF is related to higher hospital mortality, more than 50% in most cases (Collard et al., 2016). A comparative study in Shanghai (Weng et al., 2019) found that inflammatory cytokines (IL-6, IFN-γ, MIG, IL-17, and IL-9), which play a crucial role in anti-infective responses, were significantly higher in acute exacerbation of IPF than in stable IPF and control groups. And the experimental data showed that the ratio of serum LGM and neutrophils in patients with acute exacerbation of IPF were significantly higher than those with stable IPF. It means that the acute phase of IPF can be triggered by viral infections and greatly enhanced anti-infective immune responses. The COVID-19 Pneumonia and PF are serious diseases characterized by lung injury and repair (Jenkins, 2020). Infection, which is one of the critical causes of ALI, can also cause acute exacerbation of IPF (Weng et al., 2019). Therefore, COVID-19 infection may lead to ALI, accelerate the occurrence of PF, and acute exacerbation of IPF, which may eventually lead to respiratory failure and death. A pre-discharge study of patients with COVID-19 infection suggested that hospitalized COVID-19 patients with basic pulmonary fibrosis diseases may increase their tolerance to low oxygen saturation of the blood (SpO2) compared with those without basic pulmonary fibrosis diseases in the absence of subjective dyspnea (Fuglebjerg et al., 2020). It may lead to more unobvious clinical symptoms in COVID-19 patients with PF than those without, and miss the best time to rescue. In general, COVID-19 infection may aggravate PF and increase the risk of death in patients with that.
Therefore, according to various clinical studies, patients with IPF are at high risk of dying from COVID-19, which may lead to the development of pulmonary fibrosis through either virus-induced ALI or cytokine-mediated alveolar damage (Jenkins, 2020). The purpose of this paper is to summarize relevant studies in the existing literature and provide a treatment basis for patients with comorbidity of COVID-19 and IPF.
The Interaction Mechanism Between COVID-19 and Pulmonary Fibrosis
The Route of Infection of SARS-COV-2
Angiotensin converting enzyme 2 (ACE2) is a zinc metalloproteinase, belonging to type I transmembrane protein, whose N-terminal domain-containing carboxypeptidase catalytic site is extracellular and C-terminal tail is intracellular (Donoghue et al., 2000). Spike “S” protein is an exogenous protein expressed in novel Coronavirus and is the key site of virus infection (Huang et al., 2020). When SARS-CoV-2 infects the host cell, its spike “S” protein completes the adsorption process by binding to ACE2 on the host cell, and another cytokine serine protease TMPRSS2 is used to initiate spike “S” protein, both of which eventually lead to the virus invading the target cell (Hoffmann et al., 2020). After entering the cell, the virus unshells, biosynthesizes, assembles, and releases in the cell, eventually causing the host cell to rupture and die. ACE2 gene was widely expressed, including alveolar, trachea, and bronchial epithelial cells, with the highest expression in nasal luminal epithelial cells and decreased expression throughout the lower respiratory tract. Interestingly, this decline parallels a significant decrease in the gradient of SARS-COV-2 infection from upper to lower respiratory tract epithelial cells (Hoffmann et al., 2020; Hou et al., 2020). This creates favorable conditions for the adsorption and invasion of SARS-CoV-2. One of the physiological functions of ACE2 is to convert angiotensin II (Ang II) into angiotensin 1–7 (Ang 1-7), which plays an essential role in controlling cardiovascular and blood pressure (Donoghue et al., 2000). Importantly, Ang II has a fibrotic effect by upregulating the level of pro-fibrosis cytokine transforming growth factor-β1 (TGF-β1), which is involved in transforming fibroblasts into myofibroblasts and extensive collagen deposition (Haulica et al., 2004). However, Ang 1-7 exerts vasodilation, reduces cytokine secretion, inflammation, cardiopulmonary protection, and anti-fibrosis by binding to Mas receptors (Shenoy et al., 2010; He and Garmire, 2020; Sanchis-Gomar et al., 2020). In general, the high affinity of the spike “S” protein on the SARS-CoV-2 envelope to the ACE2 receptor can down-regulate the level of ACE2, increase the level of Ang II and decrease the level of Ang1-7, thus promoting inflammation and pulmonary fibrosis.
Given the difficulty in controlling the high infectivity of SARS-COV-2, we have to suspect that other pathways may infect SARS-COV-2 in vitro besides ACE2. CD147, a type II transmembrane protein, is associated with SARS-COV-2 infection (Aguiar et al., 2020; Wang et al., 2020). Wang et al. (2020) showed an interaction between CD147 and the spike “S” protein of SARS-COV-2. They blocked CD147 by CD147 antibody, and the results showed that the amplification of SARS-COV-2 could be inhibited. Thus, they revealed a new viral entry pathway, the CD147-spike protein pathway. Studies have confirmed that, in addition to ACE2 and CD147, SARS-CoV-2 can enter host cells by binding to some other receptors. Recent research hotspots include Cathepsin L1 (Aguiar et al., 2020), integrins αvβ3 and αvβ6 (Calver et al., 2021), and even low-density lipoprotein receptor class A domain containing 3 (LDLRAD3) and C- type lectin domain family 4 member G (CLEC4G) (Zhu et al., 2021). The pathologic consequences of SARS-COV-2 binding to these receptors are uncertain. Still, the effects may greatly contribute to the progression of viral infection and disease, making treatment more difficult.
The Status Quo of IPF
A survey covering 22 studies in 12 countries estimated the incidence and prevalence of IPF at 0.09–1.30 and 0.33–4.51 per population, respectively (Maher et al., 2021). The occurrence and development of IPF are closely related to aging, genetic background (premature shortening of leukocyte telomere), and epigenetic modification (Fraga et al., 2005; Yang et al., 2019; Duckworth et al., 2021). It is highly correlated with a variety of external factors, including smoking, air pollution, microaspiration, and viral infection, which can lead to repeated damage and repair of alveolar cells (Baccarelli et al., 2009; Launay et al., 2009; Wootton et al., 2011) In the susceptibility stage of pulmonary fibrosis, gene mutations or mutations, epithelial cell replacement lead to telomere shortening, and environmental factors eventually lead to epithelial cell dysfunction (Nunes, 2003). In the initiation stage, molecular mediators of epithelial cell dysfunction such as ER stress; excessive transforming growth factor-β (TGF-β) activation; and growth factor, chemokine, or Wnt secretion lead to EMT, fibrocyte recruitment, and fibroblast differentiation (Nunes, 2003). These molecular mediators will lead to progressive stages in which pathological mesenchymal cells release abnormal types and amounts of stromal proteins that reshape the lung and form scar lung (Nunes, 2003).
COVID-19 Secondary Pulmonary Fibrosis
Multiple Shreds of Evidences of Pulmonary Fibrosis Secondary to COVID-19
A number of studies have directly or indirectly proved that patients infected with SARS-CoV-2 would develop pulmonary fibrosis. CT scans of patients infected with COVID-19 show ground glass shadows that are prone to progression to patchy fibrosis (Ojha et al., 2020). Fibrotic changes in the lungs were found in the autopsy of patients who died of COVID-19 (Liu et al., 2020; Yao et al., 2020). In addition, the factors involved in pulmonary fibrosis such as TGF-β, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) were increased in patients infected with COVID-19. In addition, a meta-analysis of more than 50,000 hospitalized COVID-19 patients showed that the incidence of ARDS was 14.8% (Sun et al., 2020). And more importantly, ARDS patients were very prone to pulmonary fibrosis. Mechanical ventilation, an essential treatment during ARDS, promotes direct penetration of high concentrations of SARS-COV-2 into the lower respiratory tract, potentially causing acute lung injury. Perhaps the underlying mechanisms are epithelial-to-mesenchymal transformation (EMT), changes in cell morphology, and the release of pro-fibrotic mediators such as TGF-β(Gaikwad et al., 2020).
Mechanisms of Pulmonary Fibrosis in COVID-19
The abnormal immune system can lead to cytokine storm, resulting in increase plasma concentrations of interleukin 1β, 2, 7, and 10, monocyte chemotactic protein 1, granulocyte-colony stimulating factor, macrophage inflammatory protein 1α, interferon -γ -inducible protein 10 (IP-10), and TNF-α(Hui and Zumla, 2019; Huang et al., 2020; Li et al., 2020). It has been identified that galectin-3 (Gal3) expressed by macrophages, epithelial and alveolar cells in the lung plays a key role in the pro-inflammatory response of microglia (Reyfman et al., 2019). Gal3 binds to and activates TREM2 and TLR4 (Burguillos et al., 2015; Boza-Serrano et al., 2019), both of which have been associated with pulmonary disease, including fibrosis.
Cytokine storm is considered an important factor in accelerating disease progression, leading to severe illness and death. It is one of the main causes of ARDS and multiple organ failure (Chousterman et al., 2017). Due to the abnormal release of matrix metalloproteinases during ARDS, not only the epithelium and endothelium are severely damaged, but also the ECM cross-linking is enhanced, resulting in the change of the structure and composition of interstitial ECM in pulmonary fibrosis (Zemans et al., 2009; Nkyimbeng et al., 2013; Craig et al., 2015; Philp et al., 2018). When alveolar epithelial cells are injured, type II alveolar epithelial cells (ATII cells) proliferate and differentiate into I alveolar cells (ATI cells) to repair the damaged alveoli (Aspal and Zemans, 2020). The evidence supports that the aging and loss of ATII cells are involved in the pathogenesis of IPF(Sisson et al., 2010; Yao et al., 2021). Then, there is reason, to suspect that ATII is also highly associated with fibrosis in virus-infected patients. In addition, alveolar epithelial cells can secrete a series of inflammatory factors, soluble mediators, and remodeling factors, which are closely related to the process of IPF. For example, TGF-β, a factor that stimulates the formation of pulmonary fibrosis, can be activated by the cell membrane integrin of epithelial cells (Jenkins et al., 2006; Tatler and Jenkins, 2012). TGF-β acts on the mesenchymal cells, leading to proliferation and differentiation of fibroblasts into contractile myofibroblasts, and thus causing abnormal production and deposition of extracellular matrix proteins in fibroblasts (Xu et al., 2003; Tatler et al., 2016; Sibinska et al., 2017). Unfortunately, there is new evidence that SARS-COV-2 can bind to cell surface integrins αvβ3 and αvβ6, facilitating their internalization into lung epithelial cells, which in turn accelerates the activity of TGF-β(Calver et al., 2021). This troublesome activation mechanism seems to make the disease harder to control. Except for TGF-β, platelet-derived growth factor (PDGF), connective tissue growth factor (CTGF), interleukin-6 (IL-6), and other cytokines expression increase, also play a certain role in the fibrosis process (Antoniades et al., 1990; Crestani et al., 1994; Pan et al., 2001). Endothelial cells, when injured, transform to a mesenchymal state (EndMT), with an increase in abnormal types and amounts of mesenchymal protein secretion, and at the same time, matrix metalloproteinases degrade the basement membrane collagen that lies beneath the endothelial cells (Gaikwad et al., 2020). These physiological reactions will eventually lead to abnormal accumulation of fibroblasts and myofibroblasts, excessive deposition of matrix proteins in the interstitium of the lung. Then the structure and composition of lung interstitium were changed. Finally, lung tissue sclerosis leads to impaired physiological function and presents a series of clinical symptoms.
Risk Factors
When infected with the COVID-19, people may show different symptoms, ranging from asymptomatic to mild such as fever, cough, muscle soreness, or fatigue, and some may become severe like ARDS. Respectively, the proportion of severe and critical cases is as high as 14 and 5% (Wu and McGoogan, 2020). So it is very important to effectively identify the risk factors that promote the development of the disease. Studies have shown that age is an important factor in developing diseases and even death (Zhou et al., 2020; Zhang JJ. et al., 2021). In addition, some studies have shown that male and other chronic diseases, including hypertension, diabetes, obesity, cardiovascular and respiratory diseases, can be positive in the disease leading to exacerbation and death (Zhang J. et al., 2020; Ebinger et al., 2020; Sun et al., 2020). It’s worth noting that pulmonary fibrosis plays an important role in the infection of COVID-19.
Predictive Factors of Pulmonary Fibrosis Secondary to COVID-19
There have been many clinical studies on predictors of pulmonary fibrosis secondary to COVID-19. The focus of the study is mainly in two aspects: on the one hand, the level of cytokines including Krebs von den Lungen-6(KL-6), and on the other hand, the CT imaging features.
A growing number of studies support a significant correlation between elevated KL-6 levels and the development of pulmonary fibrosis (Crisan-Dabija et al., 2021; Peng et al., 2021; Xue et al., 2021). For example, a clinical study involving 289 COVID-19 patients finds that KL-6, which is rising earlier than the fibrotic-like change of CT imaging in the lungs, could predict not only the onset of pulmonary fibrosis, but also whether it was reversible (Xue et al., 2021). This is good for both clinicians and COVID-19 patients. However, not all COVID-19 patients have been found a significant association between KL-6 and pulmonary fibrosis. Early in the disease, when extensive lung injury occurs, repair mechanisms of pulmonary epithelial cell is synchronously activated which causing the elevated level of KL-6 (Major et al., 2020). Some studies find that KL-6 were not significantly elevated in some COVID-19 patients with secondary pulmonary fibrosis, possibly because the time when found the occurance of pulmonary fibrosis is later than the time when repair mechanisms was activated and KL-6 was released in large quantities (Xue et al., 2021). In addition, studies have shown that c-reactive protein (CRP), interleukin-6(IL-6), D-dimer and hepatic cytokines (HGF) and C-X-C motif chemokine 13 (CXCL13) are associated with the occurrence of pulmonary fibrosis in patients with COVID-19 (Francone et al., 2020; Yu et al., 2020; Perreau et al., 2021). A study identified two new specific monocyte subsets in patients with severe disease COVID-19:Mono 0 and Mono 5, showing pro-fibrotic and pro-inflammatory characteristics (Zhang Y. et al., 2021). Unfortunately, these studies are all implement in single-center with small sample. Follow-up evaluation of COVID-19 patients from multiple centers is needed to support this conclusion.
Due to inadequate predictive performance of cytokines, radiological assessment may be a method to assess the extent of lung damage caused by COVID-19 and predict the occurrence of pulmonary fibrosis. The features of CT imagine such as interstitial thickening, irregular interfacial, coarse reticular pattern and parenchymal band may be predictive factors of pulmonary fibrosis, and irregular interfacial and parenchymal band can predict the early formation of pulmonary fibrosis (Yu et al., 2020). Multivariable analysis identified age of greater than 50 years, heart rate greater than 100 beats per minute at admission, duration of hospital stay greater than or equal to 17 days, acute respiratory distress syndrome, noninvasive mechanical ventilation, and baseline lung severity score as independent predictors for fibrotic-like changes in the lung at 6 months (Caruso et al., 2021; Han et al., 2021). Similarly, these studies lack rigorous and high-quality evidence. So we can’t make specific recommendations. But based on the above evidence, for patients with advanced age, severe illness, long hospitalization and high CT scores, we should strengthen follow-up after discharge, pay attention to the changes of lung function and carry out health education for them. In the future, more high-quality multi-center large sample data are needed to prove the reliability of these conclusions.
Whether IPF Patients Are More Susceptible to COVID-19
In recent years, great progress has been made in understanding the pathogenesis of pulmonary fibrosis. Factors like genetics, environmental and aging are involved in the initiation of the fibrosis process. Genome-wide studies have identified many genes associated with the development of IPF, including MUC5B, TERT, FAM13A, DSP, and AKAP13 (John et al., 2021).
Endothelial dysfunction is joint in the IPF, and in patients with pulmonary fibrosis, the level of vascular endothelial growth factor (VEGF) in bronchoalveolar lavage fluid (BALF) is reduced (Koyama et al., 2002). Evidence suggests that the patients with IPF may exhibit susceptibility to SARS-COV-2 due to immune-induced microvascular injury and endothelial cell necrosis (Magro et al., 2006).
Early studies have found that ACE2 is a protective protein that has a positive effect on physiological functions. The regulatory feedback axis composed of ACE2, its product Ang 1-7, and Ang 1-7 receptor plays an important role in pulmonary fibrosis (Li HH. et al., 2021).
Another study (Crisan-Dabija et al., 2020) showed a significant genetic association between IPF patients and elevated expression of AKAP13. This Rho guanine nucleotide exchange factor that regulates the activation of RhoA, which is a molecule that plays an important role in pro-fibrotic signaling pathways. The activation of RhoA drives the fibrotic phenotype, then promotes pulmonary fibrosis. In animal models (pulmonary artery endothelial cells) (Monaghan-Benson et al., 2018), activation of the RhoA/ROCK down-regulates the expression of ACE2, resulting in an imbalance of the renin-angiotensin system (RAS). SARS-COV-2 is known to bind and inhibit ACE2 protein through the affinity and efficiency of its S-spike protein. Given this, IPF patients may be at higher risk.
Studies on pulmonary fibrosis tissue from patients with IPF have shown an increased expression of ACE2 in fibroblasts (Aloufi et al., 2021; Li HH. et al., 2021), and fibroblasts have been identified to carry viral particles of SARS-COV-2 in COVID-19 patients. An in vitro study (Li HH. et al., 2021)found that ACE2 and TMPRSS2 were significantly upregulated in the fibroblasts of the IPF and co-expressed in fibroblast-specific protein 1(FSP-1)+ lung fibroblasts. The increased expression of ACE2 in fibroblasts may be related to the feedback regulation of cells. Still, its failure to play a protective role may be related to the activity of receptors, so more studies are needed to explore its specific regulatory mechanism. ACE2, as a protective factor, is widely believed to regulate cell inflammation and apoptosis. The strong affinity between SARS-COV-2 and ACE2 will lead to a decrease in ACE2, while the reduced lung function of IPF patients may increase the possibility of disease aggravation after infection. As for whether the patients with IPF are more sensitive to SARS-COV-2, further clinical studies are needed to find its possible mechanism.
POTENTIAL AGENTS FOR PULMONARY FIBROSIS ASSOCIATED WITH SARS-COV-2 INFECTION
Antiviral Agents
Coronavirus infection could directly promote pulmonary fibrosis. The nucleocapsid protein of Severe Acute Respiratory Syndrome Coronavirus type 1 (SARS-CoV-1) is reported to directly enhance TGF-β signaling, which could strongly promote fibrosis (Zhao et al., 2008). And the nucleocapsid protein of SARS-CoV-2 is over 90% similar to that of SARS-CoV-1 (Tilocca et al., 2020). Therefore, it is critical to reduce the viral load and thus the duration of viral pneumonia in order to prevent fibrosis. Remdesivir is a nucleotide analogue that could selectively block RNA polymerase, thus preventing viral replication. In vitro and animal models, remdesivir was found to be effective against SARS-CoV-1 and Middle East respiratory syndrome coronavirus (MERS-CoV). Due to its potential efficacy, the Food and Drug Administration (FDA) has granted remdesivir emergency use authorization for the treatment of COVID-19 (Singh et al., 2020). However, many clinical trials are still underway and its safety must be verified. In addition, the guanine nucleoside analogue ribavirin and the viral assembly inhibitor lopinavir/ritonavir are recommended by The COVID-19 Diagnostic and Treatment Protocol (Trial Version 8), issued by the National Health Commission of the People’s Republic of China. It is reported that lopinavir/ritonavir in combination with interferon-1β or ribavirin might be effective against coronaviruses (Arabi et al., 2020; Dhama et al., 2020). And the recommendation for ribavirin and lopinavir/ritonavir is mainly based on the experience in the treatment of SARS (Chu et al., 2004). The study by Yuan et al. also confirmed that virus-targeted antiviral drugs remdesivir, lopinavir and interferon antiviral drugs IFN-β, especially IFN-β 1b and IFN-β 1a, have strong inhibition effect on viral replication of SARS-COV-2 and significantly reduced viral load. EC50 of remdecivir, lopinavir, IFN-β 1b and IFN-β 1a were 1.04µM, 11.6µM, 31.2 IU/ml and 70.8 IU/ml, respectively (Yuan et al., 2020). Among 4000 COVID-19 patients in the Solidarity trial published by WHO, mortality ratios were 1.16 (95% CI, 0.96–1.39) in the IFN-β 1a plus ritonavir group and 1.12 (95% CI, 0.83–1.51) in the IFN-β 1a alone group (Consortium, 2021). The results showed no effect on mortality reduction of IFN-β 1a. A number of clinical studies have shown that the IFN-β 1b combination has potential value in clinical improvement time, nucleic acid negative conversion time and mortality of COVID-19 patients compared to the control group (using antiviral treatment regimen excluding IFN-β), and no serious adverse reactions have been observed (Hung et al., 2020). However, due to the small sample size, open label randomized controlled trial design and other reasons, it has not yet been able to fully confirm its efficacy and safety, and more high-quality RCT experiments are still needed to evaluate its benefits.
Although SARS-CoV-2 has many similarities with SARS-CoV, the current clinical experience in the treatment of COVID-19 is limited. In addition, the RNA viruses mutate rapidly. The use of antiviral drugs in the early stage of diseases with rapid viral replication is more important than in the middle and late stages with higher levels of inflammatory factors. With the aggravation of the disease, COVID-19 patients are prone to liver and kidney function damage to varying degrees. Currently recommended antiviral drugs also have potential harm to liver and kidney function, which should be paid attention to in clinical use (Wu J. et al., 2020; Pei et al., 2020). Therefore, the use of antiviral drugs has limitations.
Anti-Fibrosis Drugs
Multiple studies (Noble et al., 2011; Richeldi et al., 2011; Richeldi et al., 2014; Myllarniemi and Kaarteenaho, 2015; Margaritopoulos et al., 2016)have shown that currently available anti-fibrosis drugs nintedanib and pirfenidone can significantly reduce the decline rate of pulmonary function and forced vital capacity (FVC), mitigate the trend of acute exacerbation of fibrosis, and reduced the death rate through inhibiting the production of collagen in activated fibroblasts.
Nintedanib and pirfenidone may alleviate pulmonary fibrosis caused by COVID-19 infection through multiple mechanisms (Umemura et al., 2021). Chronic lung injury caused by overactivity of epidermal growth factor receptor (EGFR) mediated related pathways is one of the main causes of COVID-19 induced fibrosis (Venkataraman and Frieman, 2017). Nintedanib is an EGFR inhibitor that helps prevent excessive fibrotic responses in SARS and COVID-19 (Quartuccio et al., 2020). In addition, studies have found that proteins inhibited by nintedanib are causally related to increased ACE2 expression (Rao et al., 2020). Nintedanib may reduce the expression of ACE2 by inhibiting the expression of related proteins and reducing the body’s response to SARS-CoV-2. Susceptibility. Pirfenidone may inhibit lung damage caused by cytokine storms after SARS-COV-2 infection by significantly reducing serum and lung IL-6 levels (Liu et al., 2017; Zhang C. et al., 2020).
There are still little data on the safety and effectiveness of nintedanib, and pirfenidone in COVID-19 patients with PF, and most clinical trials have yet to be completed. A clinical study designed to observe the efficacy and safety of nintedanib in patients with ARDS induced by COVID found that the application of nintedanib to mechanically ventilated patients with severe new coronary pneumonia can obtain a higher P/F value (according to PaO2/FiO2 evaluates the severity of the disease) and shorter mechanical ventilation time. In addition, CT volume measurements showed that the percentage of high-density areas in the nintedanib group was significantly lower than that in the control group when patients were not treated with mechanical ventilation. This study suggests that using nintedanib may provide potential benefits for reducing lung injury caused by COVID-19 (Umemura et al., 2021). No clinical data are available on pirfenidone for the treatment of PF in patients with SARS-COV-2 infection.
In addition, as of October 2021, pirfenidone and nintedanib are only marketed in oral form and cannot be used in intubated and mechanically ventilated patients, apparently limiting their use in ICU (George et al., 2020). Moreover, for most patients in the National Health System (NHS), nintedanib or pirfenidone is more expensive to treat. The average adjusted annual costs for patients receiving pirfenidone and nintedanib are 40,000 and 29,000 dollars (Corral et al., 2020).
At present, several clinical trials of pirfenidone inhalation in the treatment of pulmonary fibrosis have been reported. Several studies have shown that pirfenidone has a higher safety as an inhaled delivery agent for the treatment of pulmonary fibrosis. First, inhaled pirfenidone may eliminate the gastrointestinal adverse effects that often occur when administered orally. Second, inhaled powder preparations of pirfenidone have higher photostability and lower risk of phototoxicity compared to oral preparations (Onoue et al., 2013). Third, lower systemic exposure via inhaled administration may reduce the risk of hepatic dysfunction due to pirfenidone. A clinical trial evaluating the pharmacokinetics and safety of inhaled pirfenidone solution showed that aerosol pirfenidone was well tolerated in normal volunteers, smokers, and patients with IPF, and no clinically relevant adverse effects related to respiratory rate, spirometry, or oxygenation were observed (Khoo et al., 2020). The main drug-related adverse effect was mild and intermittent cough in a small number of subjects. Furthermore, this study found that systemic pirfenidone exposure at the 100 mg nebulized dose was on average 15 times lower than that reported for the oral licensed dose. And the Capacity 004 phase 3 study of oral pirfenidone demonstrated that adverse events were dose related, not idiosyncratic (Noble et al., 2011).
In addition,a dose/response was demonstrated for the decrease of FVC % predicted and progression-free survival in the CAPACITY 004 trial. And the epithelial lining fluid (ELF) Cmax was reported to be on average 35-fold higher for the 100 mg pirfenidone inhalation dose than the approved oral dose (Khoo et al., 2020). Moreover, a mouse IPF model using bleomycin showed that the efficacy of inhaled pirfenidone was related to peak ELF concentrations rather than AUC(Surber et al., 2014). A recent study using a rat model of paraquat-induced pulmonary fibrosis also showed that the efficacy of inhaled pirfenidone and oral administration was similar, but the inhaled dose was significantly lower than the oral dose (Rasooli et al., 2018). Therefore, the higher local concentration provided by aerosol administration may also lead to the improvement of efficacy. In addition, inhaled pirfenidone offers a new option for patients who are not covenient for oral administration, including patients who are intubated and mechanically ventilated. In summary, further studies of inhaled pirfenidone are necessary to test its long-term safety and efficacy.
At present, there is no clinical trial of inhaled pirfenidone in COVID-19 patients. Although it is mentioned in the literature (George et al., 2020) that “An inhaled formulation of pirfenidone is under evaluation in patients with COVID-19 (NCT04282902)”, in fact, pirfenidone is administered orally in this clinical trial (NCT04282902).
On March 24, 2020, Unco Arendy Therapeutics announced that it is studying OATD-01, a CHIT1 inhibitor, to help treat pulmonary fibrosis in COVID-19 patients. It may have anti-inflammatory activity and may delay the development of pulmonary fibrosis. Studies are currently underway to determine whether patients who have died from COVID-19 have increased CHIT1 expression in their lung tissues, which may lead to a positive effect of OATD-01 on the pulmonary fibrotic development of the disease (Dymek et al., 2018).
Corticosteroids
Corticosteroids are not recommended for routine use of IPF in several guidelines. Still, systemic Corticosteroids can be used for short-term use in acute exacerbations of IPF to exert anti-inflammatory and immunosuppressive effects of the lung, which can inhibit inflammatory cell infiltration and fibroblast proliferation, reduce alveolar inflammation, and delay the progression of pulmonary fibrosis (Raghu et al., 2015; Homma et al., 2018). As important pathogenesis of acute exacerbation of pulmonary fibrosis, viral infection can easily cause acute lung injury in patients. In addition, patients with the pre-existing progressive pulmonary interstitial disease will have a diffuse pulmonary alveolar injury in severe cases, which is clinically manifested as dyspnea (Collard et al., 2016). This is similar to the lung characteristics seen in critical type COVID-19 patients. Therefore, Corticosteroids can be used to prevent the acute progression of pulmonary fibrosis in PF patients who are prone to severe and critical type COVID-19. The World Health Organization guidelines do not recommend stopping the original systemic Corticosteroids therapy for non-severe COVID-19 patients who have received systemic Corticosteroids therapy. If non-severe COVID-19 patients have clinical symptoms such as increased respiratory rate, respiratory distress, or hypoxemia (similar to symptoms of acute exacerbation of pulmonary fibrosis), systemic corticosteroid therapy is recommended. Systemic Corticosteroids are recommended to treat of severe and critically type COVID-19 patients (Lamontagne et al., 2021).
However, the impact of Corticosteroids on the prognosis of other viral pneumonia still needs clinical attention (Stockman et al., 2006; Arabi et al., 2018). Corticosteroids can delay the clearance of blood and respiratory viruses in SARS/MERS patients (Stockman et al., 2006; Arabi et al., 2018). Corticosteroids do not affect on improving survival, and are accompanied by steroid-related adverse events such as femoral head necrosis, hyperglycemia, and psychosis (Stockman et al., 2006; Arabi et al., 2018). A meta-analysis involving influenza pneumonia patients reported that Corticosteroid use was associated with an increased risk of mortality and secondary infection (Ni et al., 2019). However, Wu et al. said that treatment with methylprednisolone was associated with a reduced risk of death in COVID-19 patients who developed ARDS (Wu C. et al., 2020). Long-term use of low-dose corticosteroids can prevent lung remodeling in ARDS survivors (Gentile et al., 2020). Still, the risk-benefit ratio should be evaluated before use, especially in patients with diabetes, hypertension, and chronic heart failure (Villar et al., 2020). Corticosteroids may delay the clearance of viral RNA and lead to an increased risk of secondary infection (Lee et al., 2004; Arabi et al., 2018), which plays a critical role in the development of fibrosis. Therefore, the use of Corticosteroids should be more cautious. Long-term effects should be emphasized as well as therapeutic products.
Spironolactone
Spironolactone is an antihypertensive and antiandrogen drug, and it has been reported that it may have important significance in the prevention of pulmonary fibrosis (Zannad et al., 2000; Barut et al., 2016; Yavas et al., 2019). The mechanisms that may have potential benefits for COVID-19 are: 1) increase the circulating level of ACE2 and prevent SARS-COV-2 from entering cells; 2) Block the mineralocorticoid receptors; 3) Down-regulation of TMPRSS2; 4) Anti-inflammatory, antioxidant, anti-fibrosis, and antiviral properties (Cadegiani et al., 2020; Kotfis et al., 2021). ACE2 and TMPRSS2 are key regulators of SARS-COV-2 cell entry. It has been reported that the elevation of the physiological corticosteroid receptor activator aldosterone is associated with fibrosis and a high inflammatory response (Stone et al., 2020; Salama et al., 2021). Therefore, spironolactone has potential value in preventing or reducing pulmonary fibrosis after COVID-19. In addition, Atalay et al. confirmed the effectiveness of spironolactone in treating ALI in rats (Atalay et al., 2010). And Lieber et al. found that spironolactone can reduce acute pneumonia caused by bleomycin or lipopolysaccharide (Lieber et al., 2013). Still, related experiments were performed on animal models such as rats or other rodents, and its conclusions have apparent limitations. In addition, there is currently a lack of direct clinical research results showing that mineralocorticoid receptor antagonists are beneficial for pulmonary fibrosis after viral infection. In the future, further trials are needed to evaluate the potential benefits of spironolactone to COVID-19 and to clarify its mechanism further.
Cytokine Inhibitors
Tocilizumab
Tocilizumab is a humanized monoclonal antibody against IL-6, which can bind to the soluble IL-6 receptor on the cell membrane and inhibit the function of IL-6 (Gautret et al., 2020). IL-6 is not only the main therapeutic target for the treatment of COVID-19 complicated by cytokine storm syndrome (Wan et al., 2020), it is also a pro-fibrotic factor produced in the Th2-type immune response. Studies have observed that fibroblasts induce fibroblasts to transform into myofibroblasts by secreting IL-6, which promotes the occurrence and development of pulmonary fibrosis (Kobayashi et al., 2015). At present, whether tocilizumab can be used in the treatment of new crowns is still controversial. The multicenter trial results showed that tocilizumab reduced the risk of COVID-19 hospitalized patients progressing to mechanical ventilation or death on the 28th day (Salama et al., 2021). A randomized trial in Brazil stopped early due to a significant increase in deaths within 15 days in the tocilizumab treatment group compared with the placebo group (Veiga et al., 2021). Another North American study showed that tocilizumab did not prevent intubation or death of early COVID-19 hospitalized patients. However, there is currently a lack of clinical studies evaluating the long-term prognostic effect of tocilizumab in avoiding or reducing COVID-19-related pulmonary fibrosis.
TGF-β1 Inhibitors
Histone Deacetylase Inhibitors
HDAC inhibitors have been reported to show good anti-fibrotic effects mainly through suppressing TGF-β1 signaling (Atalay et al., 2010). Fibroblasts to myofibroblasts differentiation generally mediated by TGF-β1 require HDAC4 (Glenisson et al., 2007). Several studies (Glenisson et al., 2007; Barter et al., 2010; Korfei et al., 2015) have shown that HDAC could epigenetically regulate TGF-β-mediated gene expression, which leads to pulmonary fibrosis. Therefore, it is possible to treat pulmonary fibrosis with HDAC inhibitors. HDAC inhibitor tubastatin successfully ameliorated pulmonary fibrosis in murine bleomycin-induced pulmonary fibrosis model, particularly triggered by TGF-β(Saito et al., 2017). In addition, a study has demonstrated that panobinostat is superior to pirfenidone against IPF-derived fibroblasts (Korfei et al., 2018).
Murthy et al.(Murthy et al., 2021) said that COVID-19 recovered patients who show unresolved patchy areas of opacification, interstitial thickening and early signs of fibrosis during the follow-up chest CT after discharge should be considered for HDAC inhibitors treatment to reduce the possibility of the development of pulmonary fibrosis. Early treatment with HDAC inhibitors for the secondary/late consequences of SARS-CoV-2 infection will help reduce complications/mortality and improve the quality of life of patients for COVID-19 recovered patients.
CD147 Inhibitors
SARS-CoV-2 invades host cells through the CD147 receptor, which is present in multiple cell types of the lung and is highly expressed in type II alveolar cells and macrophages at the edge of the fibrotic zone. A phase 2 clinical trial to prevent COVID-19 by blocking CD147 is underway in China (Ulrich and Pillat, 2020), which is testing a humanized form of the CD147-specific antibody meplazumab. Furthermore, transient transfection of normal human lung fibroblasts to overexpress CD147 could significantly increase TGF-β1-induced cell proliferation and the expression of α-smooth muscle actin, a marker of myofibroblasts (Guillot et al., 2006), thus anti-CD147 antibodies could inhibit TGF-β1-induced proliferation and differentiation of fibroblasts into myofibroblasts that are induced by TGF-β1. Therefore, blocking CD147 is potentially valuable for the prevention of the pulmonary fibrosis due to COVID-19.
Poly-(ADP-Ribose) Polymerase Inhibitor
SARS-CoV-2 infection can induce PARP activation in lung tissue of asthmatic patients; different preclinical animal models (Ghonim et al., 2015a; Carlile et al., 2016) showed that PARPI attenuated pulmonary fibrosis caused by SARS-CoV-2 pulmonary inflammation. Its possible mechanism of improving COVID-19 pulmonary fibrosis is to protect cells from death by preventing cytokine storms (excessive activation of macrophages) (Curtin et al., 2020). Several animal model studies (Ghonim et al., 2015b) (Sethi et al., 2019; Sahu et al., 2020) have shown that PARPI, including Olaparib, can reduce the expression of IL-6 and IL-1β in many organs like the lung. Therefore, PARPI can be applied as a potential treatment for pulmonary fibrosis caused by SARS-CoV-2 infection.
Propolis
SARS-CoV-2 invasion to host cells can be prevented or reduced by Propolis extract and its components reducing TMPRSS2 expression and ACE2 anchoring (Kaur et al., 2020). Furthermore, propolis block kinase PAK-1, which increases during lung inflammation and fibrosis (Berretta et al., 2020), and PAK1 inhibitors were reported to rescue the immune system and help resist virus infection (Maruta and He, 2020). Propolis, comprising its components, can help prevent immunosuppression in the early stage of the disease and reduce the host’s excessive inflammatory response by blocking excessive IL-6, IL-2, and JAK signals in the later stage (Nile et al., 2020).
Galectin-3 Inhibitor
One of the main stages of COVID-19 is the excessive inflammation stage, during which immune cells release Gal3 (Boza-Serrano et al., 2019). And it has been reported that the level of Gal3 in proliferative T cells of COVID-19 patients is elevated (Liao et al., 2020). Gal3 is a carbohydrate-binding protein expressed by macrophages, epithelial cells, and alveolar cells in the lung (Reyfman et al., 2019). Gal3 binds and activates TLR4 and TREM2, a process associated with lung diseases and pulmonary fibrosis (Boza-Serrano et al., 2019). TREM2 is expressed by macrophages and is associated with fibrosis (Liao et al., 2020). TLR, which is essential for the antiviral response, can lead to solid inflammation associated with the expression of interferon-related genes, interleukins, chemokines, and Gal3 (Guo et al., 2020). The Gal3 inhibitor TD139 provided by Galecto Biotech has proven safe and effective for patients with IPF (NCT03832946). The clinical trials using TD139 for the treatment of COVID-19 patients are still under study (NCT04473053).
Chinese Medicine Treatment Strategy for Pulmonary Fibrosis in Convalescent Sequelae of COVID-19
Current studies have proved that traditional Chinese medicine prescription is effective in the treatment of pulmonary fibrosis, and the combination of Chinese and Western medicine is obviously superior to western medicine alone therapy in delaying the decline of pulmonary function and improving the quality of life (Gan et al., 2020). In the theory of traditional Chinese medicine, COVID-19 is caused by damp toxin and epidemic gas, and the disease location is mainly in the lung as well as the spleen and stomach. Active intervention of traditional Chinese medicine in the early stage of recovery can promote the absorption of pulmonary lesions and improve pulmonary function.
Based on the studies on traditional Chinese medicine treatment of IPF and SARS-associated pulmonary fibrosis, there are many traditional Chinese medicine prescriptions that can significantly relieve the symptoms of pulmonary fibrosis and improve lung function. Huaxian Decoction is a classic prescription for the treatment of pulmonary fibrosis, which is anti-inflammatory effect may be mediated by inhibition of inflammatory factor TNF-α、TGF-β, and inhibit NF-κB activation of inflammatory signaling pathways, thus effectively alleviate inflammatory reaction, reduce clinical symptoms, improve lung function, and reduce the levels of serum laminin, hyaluronic acid and other pulmonary fibrosis indicators (Chen et al., 2016; Gan et al., 2020). Yiqi Huoxue Guben decoction can delay the decline of lung function, improve respiratory symptoms, improve activity endurance and improve the quality of life (Gan et al., 2020). Huqihuoxue Decoction can inhibit the expression of TGF-β and its protein, reduce the lung collagen deposition in patients with idiopathic pulmonary fibrosis, thus relieve the symptoms of patients. Peiyuan Quyu decoction can improve the clinical symptoms and lung function index of phlegm-stasis IPF, alleviate the progression of acute exacerbation of the disease, and significantly improve exercise endurance (Changhui, 2019). Qingjin Yifei decoction can reduce the expression of VEGF mRNA and PDGF, thereby reducing capillary permeability, dilating pulmonary artery veins, and improving vascular remodeling.
After the treatment of COVID-19 in the acute stage, the clinical outcomes of TCM dialectics mainly divided into three categories: For those with residual pathogens accompanied by qi and Yin deficiency syndrome, should be treated to nourish qi and Yin, and supplemented with the prescription of invigorating qi and promoting blood circulation, which is suitable for shengmai Decoction, Shashen Maimendong Decoction and Wuye Lugen Decoction; For those with deficiency of lung and spleen, the method is to replenish qi and strengthen the spleen, aromatize and remove dampness, and add or subtract Liujunzi Decoction; For those with qi deficiency, blood stasis and obstruction of lung collaterals, supplementing qi, activating blood circulation and collaterals are the main treatment methods, which can be combined with Buyang Huanwu Decoction and Xuanpu Hua Decoction (Gan et al., 2020).
ADJUSTMENT OF THE DRUG TREATMENT REGIMEN FOR PF PATIENTS INFECTED WITH COVID-19
The current drug treatment methods for PF, especially IPF, mainly include anti-fibrosis therapy, antacid therapy (proton pump inhibitors, H2 receptor antagonists), hormone therapy, immunomodulatory therapy. When patients with pulmonary fibrosis are infected with SARS-COV-2, the original anti-fibrosis treatment plan should be adjusted according to the antiviral treatment plan and pathophysiological state of the patient. The suggestions and precautions of drug adjustment for anti-fibrosis therapy, anti-acid therapy, and immunomodulatory therapy are discussed.
Anti-Fibrosis Therapy
National Institute for Health and Clinical Excellence (NICE) and British Thoracic Society (BTS) guidelines recommend that patients receiving anti-fibrosis therapy should not stop using pirfenidone and nintedanib. There is currently no evidence that the use of pirfenidone and nintedanib increases the risk of SARS-CoV-2 infection or COVID-19 aggravation.
The following points should be noted in the application of nintedanib and pirfenidone. The two drugs often have gastrointestinal side effects that are similar to the symptoms of COVID-19 (diarrhea, fatigue, loss of appetite) and should be carefully differentiated in clinical use. Secondly, these two drugs have certain hepatotoxicity. COVID-19 patients, especially in severe cases, often report liver damage (George et al., 2020). The liver function of COVID-19 should be closely monitored during use, and anti-fibrosis drugs should be stopped in time if patients develop acute liver function damage. Thirdly, studies have shown that patients with COVID-19 have an increased risk of venous vascular embolism, especially pulmonary embolism. At the same time, viral infection leads to the acute progression of original pulmonary fibrosis. Meanwhile, viral infection leads to the sharp progression of pulmonary fibrosis, and the body is prone to hypercoagulability due to an imbalance between coagulation and fibrinolysis (Abou-Ismail et al., 2021). At this time, if the anticoagulant warfarin is used, attention should be paid to discontinue the use of nintedanib for anti-fibrosis therapy. It is a vascular endothelial growth factor receptor (VEGFR) inhibitor. The simultaneous use of anticoagulants will increase the risk of bleeding in patients. Finally, pirfenidone is strictly prohibited for patients with severely impaired renal function. If the patient’s glomerular filtration rate (eGFR) is less than 30 ml/min/1.73 m2, pirfenidone should be discontinued (George et al., 2020).
Antacid Therapy
Gastroesophageal reflux is a risk factor of pulmonary inflammation caused by aspiration or slight aspiration of acidic or non-acidic reflux substances into the lungs, and it is also an important mechanism of pulmonary fibrosis caused or aggravated by sustained lung injury (Trachalaki et al., 2021). Gastroesophageal reflux can be observed in 90% of patients with idiopathic fibrosis, regardless of the presence of gastrointestinal symptoms (Tobin et al., 1998). The ATS/ERS/JRS/ALAT clinical practice guidelines are weak recommendations for the use of conventional antacid therapy (PPI or H2 receptor antagonists) in patients with pulmonary fibrosis, suggesting that conventional antacid therapy may improve pulmonary function and survival in patients with pulmonary fibrosis, and may reduce the cost of treatment for the progression of pulmonary fibrosis (Raghu et al., 2015). A clinical study analyzed the impact of throat reflux disease (a subtype of gastroesophageal reflux disease) on COVID-19 hospitalized patients. Among the 95 hospitalized patients, 37 patients had throat reflux disease (reflux symptom index, RSI >13). The median RSI score of severe and critical COVID-19 patients was significantly higher than that of ordinary patients, which suggesting that throat reflux disease may be a risk factor for severe or critical COVID-19 patients (Jiang et al., 2020). Anti-acid therapy is indeed indicated for COVID-19 patients. However, the results of a meta-analysis showed that conventional PPI treatment of COVID-19 is related to the prolonged hospital stay of patients, and it is more likely to lead to severe consequences such as admission to the intensive care unit, mechanical ventilation, acute respiratory distress syndrome or death (Li GF. et al., 2021). Recent studies have shown that famotidine can improve the clinical symptoms of non-hospitalized COVID-19 patients (Janowitz et al., 2020), and is associated with lower mortality and lower risk of death from endotracheal intubation in hospitalized patients (Mather et al., 2020). Its mechanism may be related to H2 receptor-mediated immunomodulatory effect on mast cell histamine-cytokine crosstalk (Mather et al., 2020). Therefore, FOR COVID-19 patients, especially those in critical condition, PPI should be used cautiously, and famotidine can be considered the first choice.
Immunomodulatory Therapy
Convalescent plasma, COVID-19 human immunoglobulin, and tocilizumab are recommended for COVID-19 immunotherapy acc according to the Chinese Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial Edition 8). Tocilizumab can treat patients with extensive bilateral lung disease or severe patients with elevated IL-6 levels. However, the guidelines issued by the National Institutes of Health (NIH) indicate that there is insufficient research evidence for IL-6 inhibitors for the treatment of COVID-19. One study suggested that the TGF-β pathway in the pathogenesis of IPF could be mediated by IL-6 (Epstein Shochet et al., 2020). Tocilizumab does suggest that it can be used in patients with pulmonary fibrosis complicated with COVID-19, which has potential value in inhibiting the progression of pulmonary fibrosis and preventing cytokine storms arising from immune imbalance through immunomodulatory effects. Milo Gatti et al. conducted a pharmacovigilance evaluation on tocilizumab. The results of the study found that it easily leads to liver damage in patients. In severe cases, acute liver failure, fulminant hepatitis, and liver necrosis can occur. Severe and critically COVID-19 patients have varying degrees of liver and kidney damage. The benefit to risk ratio should be fully considered, and the continued use of tocilizumab should be carefully considered. Mild patients can continue to use it while monitoring liver function (Gatti et al., 2021).
DISCUSSION
At present, with the COVID-19 outbreak in full swing, the number of infected people is growing and challenging to control. Any progress in scientific research requires the accumulation of time. Even though scientific researchers around the world are dedicated to studying the novel coronavirus infection, the progress and outcome of COVID-19, and related treatment drugs, less than 2 years after the outbreak, there are still many research gaps and many mechanisms. The problem is difficult to explain clearly. Most importantly, drugs for the treatment of COVID-19 are still being explored and discussed, and we have not found the specific drugs we hoped. At present, the treatment of COVID-19 associated pulmonary fibrosis can only be based on the existing IPF treatment regimen. The study by Umemura et al. evaluated the efficacy and safety of nintedanib for pulmonary fibrosis induced by COVID-19 in ICU patients with severe COVID-19. The results showed that nintedanib combined with favipiravir can significantly reduce the mechanical ventilation time of ICU patients with COVID-19, the percentages of high-attenuation areas at liberation from mechanical ventilation. There was no statistically significant difference in 28 days mortality from the control group (Umemura et al., 2021). In terms of safety, there were no statistically significant differences in severe, moderate and mild liver failure and gastrointestinal reactions in nintedanib combined with favipiravir compared with favipiravir alone, but the incidence of mild and moderate acute liver failure was slightly higher. Although statistical tests showed no statistical difference between the two groups, the sample size of the experiment was small (n = 60), which might lead to sampling error. Meanwhile, the subjects in this study were only ICU patients, and the benefits and risks of nintedanib in patients with mild disease cannot be evaluated for the time being. In addition to the clinical study mentioned above, few clinical trials of drug therapy for COVID-19-related pulmonary fibrosis have published its results (Kotfis et al., 2021). Therefore, it is currently impossible to accurately evaluate the efficacy and safety of anti-fibrosis drugs in the treatment of COVID-19-related pulmonary fibrosis. In the process of clinical treatment, medical staff should be more cautious, strictly control the indications for drug use, carefully select the anti-fibrosis drug treatment plan, and give priority to the safety of patients after drug use. Based on the existing clinical evidence, it is more recommended to choose the first-line anti-fibrosis drugs pirfenidone and nintedanib, which are recommended by authoritative guidelines and have sufficient evidence in medicine. Currently, there is no clear interaction between the COVID-19 antiviral drugs recommended by the mainstream internationally and nintedanib and pirfenidone. In addition, nintedanib and pirfenidone are not immunosuppressive agents themselves, and there is currently no evidence that they will prolong the clearance time of SARS-CoV-2 in vivo (George et al., 2020).
There are various limitations of existing drugs in clinical practice, which should be paid attention to in the process of clinical use. First of all, there is an overlap between the adverse reactions of anti-fibrosis drugs and those related to COVID-19 treatment, and the incidence of adverse reactions in patients is easy to increase when combined. For example, although nintedanib and pirfenidone are both authoritative drugs recommended to treat idiopathic pulmonary fibrosis, there is currently a lack of clinical studies on their treatment of SARS-CoV-2 infected pulmonary fibrosis. Here we emphasize the safety of the drug. The adverse reactions of nintedanib and pirfenidone (including gastrointestinal reactions and liver toxicity, etc.) coincide with the clinical symptoms of COVID-19. In addition, remdesivir, lopinavir, ritonavir, and other clinically recommended antiviral drugs are also prone to gastrointestinal reactions and liver function damage in patients (Cao et al., 2020; Spinner et al., 2020; Mahajan et al., 2021). This seems to be very detrimental to the patient. Secondly, there are contradictions between anti-fibrosis drugs and new coronary treatment-related treatments. For example, nintedanib, as a VEGFR inhibitor, is likely to increase the risk of bleeding, which seems to contradict with the increased risk of pulmonary embolism in patients with COVID-19. Therefore, in the clinical use of nintedanib and anticoagulants, the patient’s condition should be thoroughly evaluated. The pros and cons should be weighed to avoid the occurrence of acute disease progression and serious adverse events. Finally, there are some similarities between the anti-fibrosis treatment plan and the COVID-19 treatment plan. Patients with COVID-19 associated pulmonary fibrosis seem to have more pointers to use drugs recommended for both diseases (such as glucocorticoids, acid-suppressing drugs). Still, the potential risks of drugs should also be paid attention. For example, current clinical evidence favors glucocorticoids to control the acute progression and prevent severe and critical illness. A meta-analysis that included patients with influenza pneumonia reported that glucocorticoid use was associated with an increased risk of mortality and secondary infection (Ni et al., 2019). Severe and critically ill COVID-19 patients are more likely to be mechanically ventilated and prone to ventilator-associated pneumonia. Glucocorticoids should be used under close observation in such patients. At the same time, glucocorticoids can delay the clearance of SARS/MERS patients from blood and respiratory viruses due to immunosuppressive effects (Stockman et al., 2006; Arabi et al., 2018). Therefore, it should be noted that larger doses of glucocorticoids may delay the clearance of SARS-CoV-2 and prolong the course of patients.
We look forward to better clinical trials of targeted drugs targeting fibrosis pathways. We look forward to researchers around the world developing new drugs with both effectiveness and safety in response to the continuing outbreak of COVID-19.
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Obesity is an epidemic worldwide and the obese people suffer from a range of respiratory complications including fibrotic changes in the lung. The influence of obesity on the lung is multi-factorial, which is related to both mechanical injury and various inflammatory mediators produced by excessive adipose tissues, and infiltrated immune cells. Adiposity causes increased production of inflammatory mediators, for example, cytokines, chemokines, and adipokines, both locally and in the systemic circulation, thereby rendering susceptibility to respiratory diseases, and altered responses. Lung fibrosis is closely related to chronic inflammation in the lung. Current data suggest a link between lung fibrosis and diet-induced obesity, although the mechanism remains incomplete understood. This review summarizes findings on the association of lung fibrosis with obesity, highlights the role of several critical inflammatory mediators (e.g., TNF-α, TGF-β, and MCP-1) in obesity related lung fibrosis and the implication of obesity in the outcomes of idiopathic pulmonary fibrosis patients.
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1 INTRODUCTION
In the past three decades, the prevalence of obesity has been increasing worldwide. Those obese people suffer from a range of respiratory complications, including asthma, airway hyperresponsiveness, chronic obstructive pulmonary disease, and lung fibrosis (Dixon and Peters, 2018; Hales et al., 2018). The influence of obesity on the lung is multi-factorial that involves both mechanical injury and the roles of various inflammatory mediators produced by excessive adipose tissues and infiltrated immune cells. Adiposity causes increased production of inflammatory mediators, for example, cytokines, chemokines, and adipokines, both locally and in the systemic circulation, and thereby rendering susceptibility to respiratory diseases and altered responses. The effects of obesity on lung function (Salome et al., 2010; Dixon and Peters, 2018), asthma (Peters et al., 2018), and chronic obstructive pulmonary disease (COPD) (Hanson et al., 2014) have been reviewed previously and will not discussed here. In this review, we provide updates on the link between obesity and lung fibrosis with a focus on the critical role of several inflammatory mediators implicated in the development of lung fibrosis associated with obesity.
2 ASSOCIATION OF OBESITY WITH LUNG FIBROSIS
Obesity contributes to the fibrosis of different organs including the lung (Pessin and Kwon, 2012), the liver (Chiang et al., 2011), the heart (Cavalera et al., 2014), the kidney (Deji et al., 2009; Laurentius et al., 2019; Liu et al., 2019), and the adipose tissue (Buechler et al., 2015; Marcelin et al., 2019). Pulmonary fibrosis is the progressive scarring of the lung, leading to lung structure remodeling, and respiratory functional impairment. High intake of saturated fatty acids and meat increases the risk of idiopathic pulmonary fibrosis (IPF) (Miyake et al., 2006), a most common form of interstitial lung disease. Observational studies suggest a significant link between obesity and IPF (Miyake et al., 2006; Lee et al., 2014; Pessin and Kwon, 2012). One study shows that IPF patients are approximately twice more frequent to have obesity compared to normal control subjects (Lee et al., 2014). In addition, several risk factors for IPF such as gastro-esophageal reflux, obstructive sleep apnea, and diabetes mellitus are also closely associated with obesity (Anand and Katz, 2010; Zaman and Lee, 2018). Chronic inflammation is considered important in the pathogenesis of lung fibrosis through regulating production of cytokines/chemokines (e.g., tumor necrosis factor-alpha (TNF-α), Interleukins (ILs), and monocyte chemoattractant protein-1 (MCP-1), etc.) and growth factors (e.g., transforming growth factor beta (TGF-β), connective tissue growth factor, and platelet-derived growth factor, etc.) from macrophages and modulating matrix (e.g., via MMP-2), vasculature, growth-factor receptor, and oxidative stress status (Bringardner et al., 2008; Sgalla et al., 2018). Increasing in vivo evidence has linked diet-induced obesity (DIO) with lung fibrosis, as determined by collagen deposition or hydroxyproline content (Naura et al., 2009; Ge et al., 2013; Yu et al., 2013, Song et al., 2015; Baack et al., 2016; Chu et al., 2019; Park et al., 2019; Vedova et al., 2019; Han et al., 2021; Hegab et al., 2021) (Table 1). Different inflammatory mediators as well as immune cells are involved in high-fat diet (HFD)-induced lung fibrosis. Recently, vitamin D deficiency has also been suggested as a link between obesity and pulmonary fibrosis. HFD decreased serum 25-hydroxyl vitamin D level and induced lung fibrosis as well as TGF-β1 and phosphorylated Smad2/3 in the lungs of mice. Vitamin D supplementation attenuated these changes caused by HFD in C57BL/6 mice. In vitro treatment of bronchial epithelial cells BEAS-2B with vitamin D also suppressed TGF-β1 protein expression (Han et al., 2021). The induction of lung fibrosis by diet also seems to be time dependent. For example, feeding mice with a HFD rich in palmitic acid for 2 weeks did not induce obvious pulmonary inflammation or fibrosis although it promoted bleomycin induced pulmonary fibrosis (Chu et al., 2019). Our recent work shows that a high-fat and high-fructose (HFHF) diet promotes inflammatory infiltration in the lungs of C56BL/6 mice after 10- and 20-weeks’ treatment. Conversely, collagen deposition in the lung tissues as determined by Masson’s staining and Western blotting analysis was found to be prominent only after 20 weeks but not 10 weeks (Qian et al., 2021).
TABLE 1 | Summary of studies linking obesity and pulmonary fibrosis.
[image: Table 1]The impact of maternal exposure to HFD on the development of lung in offspring is of emerging interest. Maternal exposure to high-fat diet has been shown to impair lung development in the rat offspring, however, no significant changes in fibrosis was observed in offspring at 3 weeks after birth (Baack et al., 2016). In contrast, another study by Song et al. reported opposite results (Song et al., 2015). Maternal Sprague-Dawley rats were given either high-fat diet or standard diet after weaning and throughout pregnancy and lactation. The offspring were maintained on regular diet and evaluated for the lung histology after 3 months. Offspring with maternal HFD feeding showed increased body weight at birth and at 3 months, enhanced inflammatory infiltration and collagen deposition as well as TGF-β1 expression in the lungs. The discrepancy might relate to the different timing of examination after birth. The effect of maternal obesity on lung fibrosis of offspring remains less understood and further research is needed.
3 ROLE OF INFLAMMATORY MEDIATORS IN DIET INDUCED LUNG FIBROSIS
3.1 Tumor Necrosis Factor-α
Mounting evidence show the elevated TNF-α in the adipose tissue and the lung in high-fat diet induced obesity. TNF-α plays a critical role in mediating insulin resistance associated with high-fat diet and targeting TNF-α increases insulin sensitivity (Hotamisligil et al., 1993; Tzanavari et al., 2010). The signaling of TNF-α through its receptors seems to be essential in pulmonary fibrosis development. Knockout of TNF-α receptor provides protection of mice against pulmonary fibrosis caused by bleomycin, asbestos, and silica (Liu et al., 1998; Ortiz et al., 1998; Ortiz et al., 1999). In addition, blocking TNF-α with quenching antibody attenuates pulmonary fibrosis induced by bleomycin and silica in mice (Piguet et al., 1989; Piguet et al., 1990). Soluble TNF-α was thought important for transition from inflammation to fibrosis in the lung that involves recruitment of lymphocytes (Oikonomou et al., 2006). In accord, a soluble receptor for TNF-α was shown to alleviate bleomycin-induced pulmonary fibrosis (Piguet and Vesin, 1994). Therefore, endogenous TNF-α and its receptors seem to be required for the development of lung fibrosis.
A previous study showed that overexpression of TNF-α induces mild pulmonary fibrosis in rats (Sime et al., 1998). Similarly, direct intratracheal administration of TNF-α into wild-type mice also results in the expression of ICAM-1, VCAM-1, IL-1β, MCP-1, as well as TGF-β1, and collagen type I (Naura et al., 2009), a pattern of changes in the lung resembling that found in ApoE−/− mice fed a high-fat diet, suggesting a potential role of TNF-α in lung injury, and fibrosis associated with obesity. On the other hand, conflicting evidence suggest an anti-fibrotic role of TNF-α in different contexts. For instance, the transgenic TNF-α mice that overexpress murine TNF-α under the control of the human surfactant protein C promoter (Miyazaki et al., 1995) are more tolerant to bleomycin or active TGF-β1 induced pulmonary fibrosis (Fujita et al., 2003). Administration of recombinant human TNF-α also attenuates bleomycin-induced pulmonary fibrosis in mice (Fujita et al., 2003). In addition, intratracheal delivery of TNF-α facilitates the resolution of established pulmonary fibrosis induced by bleomycin (Redente et al., 2014). The author proposed that locally increased TNF-α might cause apoptosis of profibrotic macrophages, important in pathogenesis of pulmonary fibrosis through secretion of TGF-β1, IGF-1, PDGF, and arginase I. These microphages could also contribute to the pool of myofibroblasts via trans-differentiation (Gibbons et al., 2011). The controversial role of TNF-α in lung fibrosis has been discussed previously (Distler et al., 2008). Some clues might help understand this discrepancy, e.g., the stage-specific changes in inflammation profile (early-stage inflammation versus late-stage resolution and fibrosis), the requirement of inflammation and importantly, TNF-α, in the development of fibrosis, and the direct induction of TGF-β1 by TNF-α. The decision of complete resolution of inflammation or progression towards fibrosis remains unclear and further research is needed. The role of TNF-α in pulmonary fibrosis in the context of diet-induced obesity remains an open question and further research using genetic modified mice or approaches to manipulate the expression of TNF-α in the lung is deserved.
3.2 Transforming Growth Factor-β
3.2.1 Induction of Transforming Growth Factor-β by High-Fat Diet
In obesity, increased levels of TGF-β1 in the adipose tissue and/or in the lung have been observed in obese humans, mice, rats, and drosophila (Samad et al., 1997; Yadav et al., 2011, Jung et al., 2013; Sousa-Pinto et al., 2016; Lee, 2018; Park et al., 2019) (Table 1). High-fat diet has been shown to induce TGF-β1 expression in the bronchial epithelium (Park et al., 2019). This finding was thought to be related with insulin resistance, which is closely associated with high-fat diet in mammalian models. The authors demonstrated the induction of TGF-β1 by insulin in BEAS-2b cells and in vivo through intranasal administration of insulin to mice fed standard diet (Park et al., 2019). These findings implicate insulin in high-fat diet induced TGF-β1 expression in the lung. Activated macrophages in adipose tissue also contribute to the elevated TGF-β1 in obesity (Chow et al., 2005; Spencer et al., 2010). An alternative programmed macrophage, M2 macrophage, were found increased in fibrotic areas in adipose tissues from insulin-resistant subjects. Those macrophages express higher TGF-β1 and can be further promoted by co-culture with adipocytes (Spencer et al., 2010).
In addition, a role of TNF-α in direct induction of TGF-β1 has been suggested based on the findings that TNF-α induces mRNA levels of TGF-β1 in adipose tissues from lean mice ex vivo and in cultured adipocytes in vitro (Samad et al., 1997). In primary mouse lung fibroblasts and the Swiss 3T3 fibroblast cell line, TNF-α treatment also induces TGF-β1 expression at the transcriptional level through the activation of ERK (Sullivan et al., 2005), and AP-1 pathways (Sullivan et al., 2009). Inhibition of ERK with pharmaceutical inhibitors (PD98059 and U0126) blocked TNF-α-induced stabilization of TGF-β1 mRNA; overexpression of active MEK1, an upstream activator of ERK, instead enhances TGF-β1 mRNA stability (Sullivan et al., 2005). Furthermore, TNF-α was also found to increase nuclear levels of c-Jun and its binding to the DNA promoter region of TGF-β1. Accordingly, inhibition of AP-1 signaling attenuates upregulation of TGF-β1 induced by TNF-α in the Swiss 3T3 fibroblasts (Sullivan et al., 2009).
It remains relevant that if the oxidized low-density lipoprotein (ox-LDL), frequently found to increase in obesity, also induces the expression of TGF-β1. A cross-sectional study suggests that ox-LDL is significantly correlated with TGF-β1 in the sera of type 2 diabetic patients (Nakhjavani et al., 2009). Previous studies have demonstrated a causal role of ox-LDL in inducing TGF-β1 in human glomerular epithelial and mesangial cells (Ding et al., 1997; Song et al., 2005; Song et al., 2008) and porcine endothelial cells with potential implication in renal pathogenesis induced by TGF-β1 (Chatauret et al., 2014). With regards to the lung, ox-LDL has been shown to induce TGF-β1 expression in human alveolar epithelial cells that requires the activation of the Ras/ERK/PLTP pathway (Guo et al., 2012). In macrophages, ox-LDL was reported to mildly induce TGF-β1 production, which can be exaggerated by co-exposure with silica (Hou et al., 2019). Taken together, multiple mechanisms are likely to be involved in the induction of TGF-β1 by ox-LDL in the lung and cell-type specific effects are anticipated. However, it needs to be noted that many other studies fail to show the induction of TGF-β1 in the lung or peripheral circulation. The reasons could be due to differences in diet fat content, duration of HFD exposure, as well as the method of detection.
3.2.2 Role of Transforming Growth Factor-β in the Development of Obesity
Increasing evidence support TGF-β as an important mediator for high-fat diet induced obesity and insulin resistance. Blockade of the TGF-β signaling through Smad3 knockout protects mice from high-fat diet induced obesity and insulin resistance (Tan et al., 2011; Tsurutani et al., 2011; Yadav et al., 2011). Conversely, overexpression of glass bottom boat (gbb), a drosophila homologue of mammalian TGF-β1, induces obesity and insulin resistance similarly as that induced by high-fat diet whereas inhibiting gbb leads to the opposite effects (Hong et al., 2016). These several lines of evidence point to a crucial role of TGF-β in regulating adipose tissue differentiation (adipogenesis) and energy metabolism. Indeed, altered expression of genes responsible for adipogenesis, fat accumulation, and fatty acid oxidation were observed in Smad3 deficient mice. A more detailed discussion of the crucial role of TGF-β/Smad signaling in obesity can be referred to a previous review (Tan et al., 2012).
3.2.3 Role of Transforming Growth Factor-β in Obesity Related Pulmonary Fibrosis
The critical role of TGF-β in high-fat diet associated lung fibrosis has been assessed with the use of genetic modified animal models and pharmaceutical approaches targeting TGF-β/Smad3 signaling. Inhibition of TGF-β signaling through knockout of Smad3, the key mediator of TGF-β canonical pathway, successfully abolishes pulmonary fibrosis induced by high-fat diet (Tan et al., 2011; Yadav et al., 2011). In accord, the administration of TGF-β1 neutralizing antibody demonstrates similar protecting effects against HFD-induced peribronchial and perivascular fibrosis (Park et al., 2019). In addition, airway hyperreactivity and fibrosis associated with HFD are suggested to be attributed to enhanced airway TGF-β1 expression. One study showed that asthmatic patients exhibited elevated TGF-β1 in airways which correlated with the severity of asthmatics as well as infiltration of eosinophils and that the subepithelial airways fibrosis also correlated with the severity of asthmatics (Minshall et al., 1997), suggesting an important role of eosinophil-derived TGF-β in airway fibrosis, and AHR. Similar correlation between TGF-β and subepithelial fibrosis in asthmatic patients was reported and further, both eosinophils and fibroblasts were found to account for the increased TGF-β1 synthesis (Vignola et al., 1997). Other cell types including epithelial cells, macrophages, and neutrophils may also contribute to airway remodeling in asthmatics (Al-Alawi et al., 2014). In contrast, Jung et al. reported that mice with mild obesity induced by high-fat diet did not develop AHR or eosinophilic infiltration in the lung (Jung et al., 2013), suggesting that the severity of obesity may play a role in the development of AHR or fibrosis.
3.3 Monocyte Chemoattractant Protein-1
MCP-1 is a potent chemokine that induces the infiltration of macrophages into the site of inflammation. In obesity, adipose tissue produces increased levels of MCP-1 that is released into the peripheral blood. Elevated MCP-1 levels have been reported in both obese adults (Catalan et al., 2007) and obese children (Breslin et al., 2012). Further, obese children with lung fibrosis were reported to have significantly higher MCP-1 levels in the bronchoalveolar lavage (BAL) (Hartl et al., 2005). In an experimental fibrosis model, MCP-1 level was significantly increased between 3 and 10 days after bleomycin treatment. Targeting MCP-1 using overexpression of a mutant form of MCP-1, accordingly, attenuates pulmonary fibrosis induced by bleomycin in C57BL/6 mice (Inoshima et al., 2004). Despite these findings, evidence supporting the role of MCP-1 in lung fibrosis especially in the context of obesity remains scarce. More research is needed before any conclusion can be made.
3.4 Interleukins
Interleukins are a type of cytokines crucial for modulating inflammatory response and immune functions that are derived from various cell types including macrophages, lymphocytes, mast cells, fibroblasts, and epithelial cells, etc. (Akdis et al., 2016). Aberrant levels of cytokines from IPF patients has been reported and the role of interleukins in the pathogenesis of pulmonary fibrosis has been reviewed recently (She et al., 2021), among the upregulated interleukins in serum or bronchoalveolar lavage fluid (BALF) include IL-1β, IL-2, IL-8, IL-10, IL-12, IL-17A, and IL-33. While a common role in regulation inflammation exists, they act differently in terms of collagen synthesis or fibrosis. For example, the favorable group for pulmonary fibrosis includes IL-1β, IL-4, IL-6, IL11, IL-13, IL-17A, IL-15, and IL-33; in contrast, the other group with anti-fibrotic function has IL-7, IL-10, IL-12, and IL-27 (Borthwick, 2016; Steen et al., 2020; She et al., 2021). In obesity, both adipocytes and infiltrated inflammatory cells release interleukins in the adipose tissue and the blood stream (Bastard et al., 2006; Um et al., 2011; Tateya et al., 2013). Therefore, there is a potential role of interleukins in the IPF development associated with obesity.
4 INTERACTION OF HIGH-FAT DIET WITH BLEOMYCIN-INDUCED PULMONARY FIBROSIS
Of note, high-fat diet contributes to increased severity of experimental pulmonary fibrosis induced by bleomycin. A recent study shows that administration of palmitic acid (PA), one kind of saturated fatty acid, significantly increased pulmonary fibrosis in mice challenged with bleomycin compared to bleomycin challenged mice fed a standard diet (Chu et al., 2019). The interaction is likely due to increased apoptosis and endoplasmic reticulum (ER) stress in the lung epithelial cells. Downregulation of CD36, a fatty acid transporter, attenuated the effects of PA on apoptosis, and ER stress induction in the lung epithelial cells. These data suggest a link between epithelial lipotoxicity on the development of pulmonary fibrosis. Hegab et al. also reported that HFD delayed the resolution of lung fibrosis and alveolar repair following bleomycin administration in mice (Hegab et al., 2021). The epithelial repair, e.g., infiltration of alveolar type-2 cells and bronchioalveolar stem cell into the fibrotic foci, was dampened by HFD. The enhanced fatty acid oxidation due to high-fat diet is proposed and inhibition of FAO abolished HFD-induced a delay in alveolar repair and fibrosis resolution in vivo. It is noteworthy that the same group also reported that HFD increases the activation and number of alveolar type 2 cells in the lungs (Hegab et al., 2018). Such increase is suggested to be an indirect effect that is possibly linked with chronic inflammation. However, it remains elusive about the mechanisms underlying the impaired infiltration of alveolar type-2 cells and bronchioalveolar stem cells into fibrotic areas. The exploring of other cell types including the lung fibroblasts, and macrophages, etc., in the contribution of HFD to bleomycin-induced pulmonary fibrosis might be worthwhile for future studies.
5 IMPLICATION OF OBESITY IN THE OUTCOMES OF IDIOPATHIC PULMONARY FIBROSIS PATIENTS
Accumulating evidence suggest that obesity is an independent predictor for the outcomes of IPF patients. A higher body mass index (BMI) in IPF patients has also been recently shown to improve the mortality, although the overall morbidity is more prevalent in obese IPF patients (Mujahid et al., 2020). Similar paradoxical findings of obesity in IPF patients have also been reported in another IPF cohort conducted in the Appalachian area. An increase in BMI was found to predict better prognosis in IPF patients (Sangani et al., 2021). Acute exacerbation of IPF (AE-IPF) represents the leading cause of mortality in IPF patients. Recently, researchers in Japan evaluated the relationship between BMI and in-hospital mortality in patients with AE-IPF using a large retrospective cohort consisting of 14,783 patients. In those AE-IPF patients, the underweight subgroup showed higher mortality rate than the obese subgroup (Awano et al., 2021). Consistently, those IPF patients who experienced body weight loss (≥5%) within the first year of diagnosis show a worst prognosis compared to those without body weight loss (Nakatsuka et al., 2018). In general, these studies demonstrate a protective effect of obesity on the disease burden of IPF. In contrast, obesity seems to be adversely associated with the mortality of IPF patients who undergo bilateral lung transplant. The obese IPF patients have been reported to have increased waitlist and 90-days post-transplant mortality, i.e., those IPF patients with a BMI >30 kg/m2 are at 1.71 more risk of mortality within 3 months after bilateral lung transplant compared to those with BMIs from 18.5 to 30 kg/m2 (Gries et al., 2015). Similarly, another study showed that IPF patients who are obese (BMI >30 kg/m2) were 1.71 times more likely to die within 1 year compared to nonobese IPF patients (Lederer et al., 2009). These observations resemble the paradoxical effects of obesity on acute lung inflammation and injury and the outcomes (Zhi et al., 2016). The systematic low-grade inflammation might prime the lung and attenuate the immune responses resulting from insults from bacterial, viral, or chemical origin.
6 CONCLUDING REMARKS AND PERSPECTIVES
Obesity is an increasing epidemic worldwide and it has considerable effects on the inflammatory infiltration and remodeling of the lung. A proposed model of the relationship between obesity and lung fibrosis is shown in Figure 1. High-fat diet induced inflammatory mediators (TNF-α, MCP-1, and TGF-β) from adipose tissues involving adipocytes and macrophages are important for the development of lung fibrosis. Mechanic effects of accumulating fat impairs lung function and induces fibrotic changes in the diaphragm (Buras et al., 2019), which may play a role in the fibrosis of the lung through inflammatory changes. Other factors related with obesity are likely being involved to promote lung fibrosis, such as a potential direct effect through oxidized LDL (Qian et al., 2021), indirect conditions such as insulin resistance (Park et al., 2019) and altered microbiota in the lung (Chioma et al., 2021). Inflamed lung also propagates the secretion of those mediators from diverse cell types locally, further leading to a transition towards profibrotic changes. Identification of inflammatory mediators that are important for both obesity and lung fibrosis might hold promise for the treatment or prevention of obesity-related lung fibrosis. Better understanding of the relationship between obesity and lung fibrosis may require further research using both a cell-specific approach and a systemic method to elucidate the roles of important inflammatory mediators/regulators implicated in both obesity and lung fibrosis, which may eventually lead to the identification of novel intervention or therapeutic strategies for lung fibrosis associated with obesity.
[image: Figure 1]FIGURE 1 | A Proposed model of obesity caused lung fibrosis.
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Gypenosides (Gyps), the major active constituents isolated from Gynostemma pentaphyllum, possess anti-inflammatory and antioxidant activities. Previous studies have demonstrated that Gyps displayed potent ameliorative effects on liver fibrosis and renal fibrosis. In this study, we found that Gyps significantly reduced the mortality of bleomycin-induced pulmonary fibrosis mice (40% mortality rate of mice in the model group versus 0% in the treatment group). Masson staining showed that Gyps could reduce the content of collagen in the lung tissue of pulmonary fibrosis mice Masson staining and immunohistochemistry demonstrated that the expression of the collagen gene α-SMA and fibrosis gene Col1 markedly decreased after Gyps treatment. The active mitosis of fibroblasts is one of the key processes in the pathogenesis of fibrotic diseases. RNA-seq showed that Gyps significantly inhibited mitosis and induced the G2/M phase cell cycle arrest. The mTOR/c-Myc axis plays an important role in the pathological process of pulmonary fibrosis. RNA-seq also demonstrated that Gyps inhibited the mTOR and c-Myc signaling in pulmonary fibrosis mice, which was further validated by Western blot and immunohistochemistry. AKT functions as an upstream molecule that regulates mTOR. Our western blot data showed that Gyps could suppress the activation of AKT. In conclusion, Gyps exerted anti-pulmonary fibrosis activity by inhibiting the AKT/mTOR/c-Myc pathway.
Keywords: gypenosides, pulmonary fibrosis, AKT, mTOR, c-Myc
INTRODUCTION
Pulmonary fibrosis (PF) is a chronic, progressive, and lethal interstitial lung disease, with a poor prognosis and median survival of 3–5 years after diagnosis (Masefield et al., 2019). PF is characterized by inflammation, fibroblast/myofibroblast proliferation, and the activation of alveolar epithelial cells with excessive extracellular matrix (ECM) deposition in the lung parenchyma (Wolters et al., 2014). Current pharmacological therapies include glucocorticoids, immunosuppressive drugs, and anti-fibrotic agents; however, none of them can improve the survival of patients with PF (Richeldi et al., 2017). To date, there are only two drugs approved by the U.S. Food and Drug Administration (FDA) for the treatment of PF: nintedanib and pirfenidone (Yamazaki et al., 2021). These two small molecule drugs target receptor tyrosine kinase (RTK) and the transforming growth factor (TGF-β), respectively. Although they can slow down the progression of PF, the high cost and strong toxic effects on the liver and kidneys limit their clinical application (Yang et al., 2019). In recent years, traditional Chinese medicine (TCM) has shown unique efficacies in the treatment of PF (Chen DQ. et al., 2018). Owing to the characteristics of multi-components, multi-targets, and multi-level interactions, TCM can improve the survival and life quality of the patients with PF disease to a certain extent (Wang et al., 2020).
The pathogenesis of PF is not well elucidated (Spagnolo et al., 2021). Increasing evidences showed that the progressive pulmonary scarring and lung function declining induced by the lung epithelial injury and aberrant fibroblast proliferation were involved in the pathogenesis of PF (Martinez et al., 2017). Currently, it is believed that PF originates from the repeated injury and aberrant repair of the alveolar epithelial cells (Sgalla et al., 2018). Repeatedly injured alveolar epithelial cells secrete PF-related growth factors, such as the connective tissue growth factor (CTGF), transforming growth factor β1 (TGF-β1), and insulin-like growth factors (IGF-1), which activate the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway through binding to the corresponding receptors on the lung fibroblast membrane, to promote lung fibroblast proliferation and collagen synthesis and induce the epithelial-to-mesenchymal transition (EMT) (Phan et al., 2021). As a downstream target of the PI3K/AKT signaling pathway, excessive activation of mTOR in the alveolar epithelium exacerbates bleomycin (BLM)-induced PF in mice (Cong et al., 2020). Moreover, c-Myc, a star transcription factor in the downstream of mTOR, can stimulate fibroblast proliferation in the presence of growth factors (Lawrence and Nho, 2018).
Gypenosides (Gyps), the saponin extracts of Gynostemma pentaphyllum, have been extensively studied in fibrosis diseases, such as liver fibrosis and renal fibrosis, for their anti-inflammatory, anti-fibrotic, antioxidant, and anti-apoptotic effects (Nguyen et al., 2021). In this study, we evaluated that Gyps attenuated BLM-induced PF in mice through mediating the AKT/mTOR/c-Myc pathway.
MATERIALS AND METHODS
Instrument and Chromatographic Conditions
Chromatography was performed using a Dionex Ultimate 3000 ultra-high-performance liquid chromatography (HPLC) system from Thermo Fisher Scientific (Waltham, MA, United States) and an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm, Waters Corp., Milford, MA, United States). The components were eluted with a gradient elution system consisting of 0.1% formic acid aqueous solution (A) and acetonitrile (B). The mobile phase gradient elution was programmed as follows: 0–12 min, 5% B–95% B; 12–14 min, 95% B; 14.01 min, 5% B; and 14.01–16 min, 5% B. The mobile phase flow rate was 0.3 ml/min, and the column temperature was maintained at 45°C.
Mass spectrometric detection was performed using a quadrupole mass spectrometer equipped with electrospray ionization (HESI) in the positive and negative mode under the following operating parameters: the ion source was operated with a capillary voltage set to 3.5 kV (ESI+) and 2.8 kV (ESI-), the capillary temperature at 320 °C, the auxiliary gas heating temperature at 35°C, sheath gas (nitrogen) flow at 80 AU, and auxiliary gas (nitrogen) flow at 13 AU, respectively. Data acquisition was performed full-scan, selective ion monitoring (SIM) mode in the range of m/z 80–1,200.
Preparation of Standard Solutions and Sample Solutions
The mixture of a standard stock solution containing above eight compounds (ginsenoside Rb1, ginsenoside Rd, rutin, quercetin, kaempferol, gypenoside XLIX, ombuoside, and ombuin) was prepared in methanol at 1 μg/ml. Furthermore, the chemical constituents of the total saponin extract of Gynostemma pentaphyllum (Gypenosides, Gyps) was extracted by ultrasonicating in methanol for 30 min at 250 W and 40 kHz. Then, 100 μL aliquot of the sample solution which was filtered by a 0.22 μm millipore filter was injected into the chromatographic systems for analysis.
Reagents
Primary antibodies against mice α-SMA, Col1, c-Myc, INSC, AKT, p-AKT, mTOR, p-mTOR, and β-actin were purchased from Abcam (Cambridge, United Kingdom), and secondary antibodies were obtained from Yeasen Biotech Co., Ltd. (Shanghai, China). Gyps were bought from Ronghe Co., Ltd. (Shanghai, China). BLM was supplied by MCE (Shanghai, China).
Animal Experimental Procedure
Six-week-old female C57BL/6 J mice were purchased from Vital River Laboratory Animal Technology Co. (Beijing, China). All mice were housed in a pathogen-free facility at the animal room of the Shanghai Public Health Clinical Center. The mice were raised at proper humidity (60 ± 2%) and temperature (25 ± 2°C) and allowed free access to food and water. All animal experimental procedures were reviewed and approved by the animal ethics committee of the Shanghai Public Health Clinical Center (permit number: 2020-A037-01). Twenty-five mice were assigned to three groups at random: the control group (5 mice), BLM group (10 mice), and Gyps-treated group (10 mice). For BLM and Gyps-treated group, mice were anesthetized and then intratracheally injected with BLM at a dose of 3 mg/kg to induce the fibrotic response at day 0. The control group received intratracheal injection of the same amount of saline. The Gyps were administered daily from day 1 to day 20 by gavage at a dose of 200 mg/kg in the Gyps-treated group. The BLM group was given the same amount of saline by gavage. Mice were sacrificed on day 21. Briefly, the heart was perfused with PBS through the right ventricle until the lung was clear of blood after anesthetized. The right lung tissue was isolated for Western blot assay and RNA-sequencing, and the left lung tissue was harvested for histology assay.
Histology and Immunohistochemistry
Histology and immunohistochemistry assays were performed and analyzed, as described in our previous article (Li Q. et al., 2020). Briefly, after being fixed with 4% formaldehyde, the left lung was paraffin-embedded and sliced into 4–6 um thick sections. Deparaffinized sections were stained with hematoxylin and eosin (HE) and followed by staining with Masson’s trichrome and periodic acid–Schiff (PAS). Immunohistochemical analysis was performed on 4-μm formalin-fixed sections using the primary antibody against α-SMA, Col1, and c-Myc.
Western Blot
Total protein was extracted from lung tissue homogenates using the RIPA reagent (Beyotime Biotechnology, lnc, JiangSu, China) supplemented with 1% PMSF (Beyotime) and separated through electrophoresing on 10% SDS-PAGE gels (30μg/lane). The separated protein was transferred to the polyvinylidene difluoride (PVDF) membranes (Merck Millipore, lnc., Darmstadt, Germany) and subsequently blocked with 5% skimmed milk. The targeted protein was probed with antibodies against INSC, AKT, p-AKT, mTOR, p-mTOR, and β-actin (all from Abcam, Cambridge, United Kingdom). After an incubation step with horseradish peroxidase (HRP)-conjugated secondary antibodies, the bands were visualized using an enhanced chemiluminescence kit (Merck Millipore).
RNA Sequencing Analysis
Total RNA of the lung tissue was isolated using the miRNeasy Micro Kit (Qiagen, Hilden, Germany), and the concentration and purity of RNA were detected by using a Bioanalyzer 4200 (Agilent, Santa Clara, CA, United States). RNA-seq analysis was performed, as described in our previous article (Li H. et al., 2020).
Statistical Analysis
Statistical analysis was performed by GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA). Data were analyzed by student’s t-test or one-way ANOVA which were followed by Turkey’s post hoc analysis for the comparison of two or more independent groups, respectively. Survival data were analyzed using Kaplan–Meier survival analysis. A p value less than 0.05 was regarded as a statistically significant difference.
RESULTS
UPLC Chromatograms of Gyps
The chromatograms of mixed standards and Gyps were illustrated in Figure 1. The contents of ginsenoside Rb1, ginsenoside Rd, rutin, quercetin, kaempferol, gypenoside XLIX, ombuoside, and ombuin in Gyps were approximately detected to be 0.01713, 0.02351, 0.07513, 0.09762, 0.01106, 0.00017, 0.05242, and 0.08317%, respectively.
[image: Figure 1]FIGURE 1 | Representative full-scan chromatograms of (A) Standard solutions; (B) Sample solution: ginsenoside Rb1 (6.92 min), ginsenoside Rd (7.98 min), rutin (4.84 min), quercetin (6.61 min), kaempferol (7.35 min), gypenoside XLIX (7.26 min), ombuoside (6.32 min), and ombuin (9.22 min).
Gyps Enhanced the Survival Rate of BLM-Induced PF Mice
As shown in Figure 2A, the death of BLM-induced PF mice occurred from day 7 after BLM intratracheal injection, and Kaplan–Meier survival curves demonstrated that BLM-induced PF mice treated with Gyps had a significantly higher survival rate than those treated with saline (100 vs. 60% 21-days survival, log-rank test, p < 0.05, Figure 2A). However, there was no significant difference in the body weight among the three groups on day 21 (Figure 2B).
[image: Figure 2]FIGURE 2 | Effects of Gyps on PF development induced by BLM in mice. (A) Survival curves of mice in each group. (n = 10). The PF mouse model was established on day 0. (B) Mouse body weights were measured on day 21. Gyps = gypenosides, BLM = bleomycin.
Gyps Ameliorated Pulmonary Inflammation and Fibrosis
The normal alveolar structure was maintained in the control group (Figure 3A). Twenty-one days after BLM injection, HE and Masson’s trichrome staining showed a remarkably thick alveolar wall and collapse of alveolar septa, inflammatory cell infiltration, loss of lung architecture, and excess deposition of collagen in the BLM-treated group compared with the control group, whereas treatment with Gyps markedly attenuated the injury of lung architecture and the deposition of collagen caused by BLM (Figures 3A,B,E,F). The effects of Gyps on the BLM-induced collagen deposition and alveolar fibrosis in the lungs were further investigated by immunohistochemistry assay. The data showed that BLM upregulated the expressions of the collagen gene α-SMA and fibrosis gene Col1 in the lung tissue compared with the control group, while the expressions of α-SMA and Col1 in the lung tissue of Gyps-treated mice were significantly lower than those in the model mice (Figures 3C,D,G,H).
[image: Figure 3]FIGURE 3 | Effects of Gyps on pulmonary inflammation and fibrillation. (A, B) Representative images of HE and Masson’s staining of lung tissue sections (400×). (C, D) Immunohistochemistry was used to analyze the expression levels of Col1 and α-SMA (400×). (E–H) Quantitation of the data presented in panel (A–D). Gyps = gypenosides, BLM = bleomycin. ***p < 0.001, **p < 0.01, compared with control; *p < 0.05 compared with BLM.
Gyps Alleviated PF by Inhibiting Mitosis
We then performed RNA-seq of the RNA isolated from the lung tissues to further explore the possible mechanisms. As demonstrated in Figure 4A, 11,852 downregulated transcripts and 1927 upregulated transcripts were found in the Gyps-treated group compared with the BLM group (n = 5 mice/group). Gene set enrichment analysis of the downregulated transcripts enriched in the Hallmark gene sets (Figure 4B) illustrated that mitotic spindle-related transcripts (top 1 ranked) were significantly downregulated in the Gyps-treated group in comparison with the BLM group. It has been reported that the active mitosis of fibroblasts was one of the key processes in the pathogenesis of fibrotic diseases (Adamson, 1984; Tomcik et al., 2016). INSC functions as an adapter protein that was involved in spindle orientation during mitosis (Culurgioni and Mapelli, 2013). As shown in Figure 4C, Gyps treatment significantly decreases the expressions of INSC, which was highly expressed in the BLM group. We also found that Gyps induced the G2/M cell cycle arrest (ranked 12) (Figure 4C).
[image: Figure 4]FIGURE 4 | RNA-seq analysis and Hallmark analysis. (A) RNA-seq analysis was performed, and the volcano plot was demonstrated. (n = 5 mice/group) (B) Results of Hallmark analysis on downregulated transcripts in the Gyps group compared with that in the control group. (C) Protein expression levels of INSC as detected by Western blotting. Gyps = gypenosides, BLM = bleomycin.
Gyps Inhibited Mitosis by Repressing the mTOR/c-Myc Axis in PF Mice
As demonstrated in Figure 4B, the Hallmark analysis also indicated that Myc (ranked 6) and mTORC1 (ranked 10) signaling-related genes were notably inhibited after Gyps treatment. Myc family has a central role in orchestrating cell proliferation (Chen H. et al., 2018). The mTORC1 controls cell growth and metabolism in response to nutrients, energy levels, and growth factors (Yang et al., 2017). c-Myc is one of the key target genes of mTOR, and mTOR and c-Myc form an axis. They are highly related to the mitotic process (Cianfanelli et al., 2015). Our IHC analysis showed that Gyps inhibited the expression of c-Myc in BLM-injected mice (Figures 5A,B). Meanwhile, we found that Gyps administration obviously inhibited the BLM-induced increase of p-mTOR by Western blot assay (Figure 5C).
[image: Figure 5]FIGURE 5 | Expressions of c-Myc, p-mTOR, mTOR, p-PI3K, PI3K, p-AKT, and AKT in the mouse model. (A) c-Myc Immunohistochemical staining (400×). (B) Quantitation of the data presented in panel (A). (C, D) Protein expression levels of p-mTOR, mTOR, p-PI3K, PI3K, p-AKT, and AKT as detected by Western blotting. Gyps = gypenosides, BLM = bleomycin. ***p < 0.001, **p < 0.01, compared with control; *p < 0.05 compared with BLM.
Gyps Inhibited the mTOR/c-Myc Axis by Regulating PI3K/AKT Signaling
PI3K/AKT signaling is one of the key cellular signaling pathways which regulate cell proliferation, growth, metabolism, and motility. mTOR and c-Myc are the downstream proteins of PI3K/AKT signaling (Alzahrani, 2019). Thus, we detected the expressions of p-PI3K, PI3K, p-AKT, and AKT in the lung tissues and found (Figure 5D) that the expression of p-PI3K and p-AKT in BLM-induced PF mice showed a significant increase compared with that of the control group. Interestingly, the expressions of p-PI3K and p-AKT were markedly reduced after treating with Gyps, which demonstrated that Gyps could suppress the mTOR/c-Myc axis by inactivating PI3K/AKT signaling.
DISCUSSION
Gyps, the total saponins extracted from Gynostemma pentaphyllum, were widely used for anti-inflammation, antioxidant, antitumor, and immune enhancement. The anti-fibrotic effects of Gyps have been reported in multiple fibrotic diseases including liver fibrosis, renal fibrosis, and Graves’ ophthalmopathy (Chen et al., 2017; Li H. et al., 2020; Liu Q. et al., 2021). In this study, we first reported that Gyps could alleviate BLM-induced pulmonary fibrosis in mice. We found eight major components in Gyps, among which ginsenoside Rb1, rutin, quercetin, kaempferol, and gypenoside XLIX have been reported to have anti-fibrotic effects (Hou et al., 2014; Verma et al., 2017; Wu et al., 2017; Avila-Carrasco et al., 2019; Liu et al., 2019; Bai et al., 2020; Liu et al., 2020; Liu H. et al., 2021). Based on our in vivo data, 40% of PF mice died, while none of the Gyps treated PF mice died. This indicated that Gyps could significantly improve the survival rate of PF mice and had a good promise for the treatment of pulmonary fibrosis. However, administration of Gyps could not attenuate the effects of BLM on body weight loss in PF mice. It might be because most of the low-weight PF mice died.
PF is characterized by increased fibroblast proliferation and ECM protein deposition by myofibroblasts under the control of pro-fibrogenic stimuli such as TGF-β1 (Davies et al., 2012). Based on the analysis of RNA-seq, the Gyps-treated group showed the most significant improvement in mitosis and promoted G2/M cell cycle arrest. In the future, the in vitro experiment should be carried out to verify if Gyps could directly inhibit mitosis in pulmonary fibroblasts. It has been reported that some non–SMAD-mediated pathways including PI3K/AKT, RhoA, PAR6, and MAPK pathways could lead to EMT in the fibrotic process (Cho et al., 2007; Willis and Borok, 2007). PI3K is an intracellular phosphatidylinositol kinase, which has serine/threonine kinase and phosphatidylinositol kinase activities (Yang et al., 2020). AKT is a serine/threonine kinase and is directly activated in response to PI3K which functions as an important regulator of cell growth, survival, and glucose metabolism (Barrett et al., 2012). Yuan et al. reported that miR-410 induces EMT through activating the PI3K/mTOR pathway in non–small cell lung cancer (Yuan et al., 2020). Recent studies have shown that the phosphorylation of AKT was increased in human pulmonary fibroblasts induced by BLM and was also increased in radiation-induced PF (Ma et al., 2020a; Ma et al., 2020b). The atypical serine/threonine kinase mTOR is the key downstream target molecule of AKT and functions as an important regulator of cell growth, metabolism, and immunity (Hua et al., 2019). c-Myc, a star transcription factor in the downstream of mTOR, can stimulate fibroblast proliferation in the presence of growth factors (Lawrence and Nho, 2018). Decreased c-Myc expression mediated fibronectin and collagen deposition into the extracellular matrix and attenuated cell proliferation in the fibrosis process (Valiente-Alandi et al., 2018). Shin et al. revealed that the AKT inhibitor LY294002 blocked the expressions of p-AKT and c-Myc in HepG2 cells and found that the compound K induced apoptosis in hepatocellular carcinoma cells via inhibition of AKT/mTOR/c-Myc signaling (Shin et al., 2021). Liu et al. reported Gyps-induced apoptosis of renal cell carcinoma cells through regulating the PI3K/AKT/mTOR signaling pathway. (Liu H. et al., 2021). In the present study, we demonstrated that Gyps markedly inhibited the AKT/mTOR/c-Myc pathway in pulmonary fibrosis (Figure 6).
[image: Figure 6]FIGURE 6 | Potential mechanism of Gyps on PF mice induced by BLM. Gyps = gypenosides.
Many growth factors are upstream regulators of PI3K/AKT signaling, such as CTGF, TGF-β1, and IGF-1, which are reported to be involved in the pathological process of PF. Gyps were reported to protect orbital fibroblasts in Graves’ ophthalmopathy via downregulating TGF-β–induced fibrotic mediators (Li H. et al., 2020). In another study, researchers reported that Gyps ameliorated CCl4-induced liver fibrosis via inhibiting TGF-β1 signaling and consequently inhibiting the differentiation of hepatic progenitor cells into myofibroblasts (Chen et al., 2017). In a unilateral ureteral obstruction-induced tubulointerstitial damage and fibrosis model, the expressions of TGF-β1 and CTGF were significantly reduced by Gyps treatment, and the Smad7 expression was elevated by Gyps treatment (Li Q. et al., 2020). In the future, we will determine if Gyps could affect the upstream regulators of PI3K/AKT signaling in PF.
EMT, inflammatory response, and reactive oxygen species (ROS) pathways are involved in the pathological process of PF (Wolters et al., 2014). EMT is a process in which epithelial cells gradually acquire a mesenchymal (fibroblast-like) cell phenotype (Bartis et al., 2014). A previous study reported that in a repetitive bleomycin injury PF model, about 50% of S100A4+ fibroblasts were epithelial-derived using genetic fate tracking (Johnson et al., 2011). It was reported that polyhexamethylene guanidine-phosphate infiltrated into the lungs in the form of aerosol particles would induce an airway barrier injury by generating ROS, releasing fibrotic inflammatory cytokines, and triggering a wound-healing response, thus leading to pulmonary fibrosis (Kim et al., 2016). Our RNA-seq data suggested that Gyps had anti-inflammatory, antioxidative, and anti-EMT effects (ranked 11, 13, and 14, respectively) in PF mice. Further studies are needed to confirm the above effects of Gyps in PF.
In conclusion, we revealed that Gyps attenuated PF development in mice, and the potential mechanism was due to inhibiting the AKT/mTOR/c-Myc axis. Gyps might be a promising candidate drug for the treatment of pulmonary fibrosis.
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G protein-coupled receptor kinase 2 (GRK2), an important subtype of GRKs, specifically phosphorylates agonist-activated G protein-coupled receptors (GPCRs). Besides, current research confirms that it participates in multiple regulation of diverse cells via a non-phosphorylated pathway, including interacting with various non-receptor substrates and binding partners. Fibrosis is a common pathophysiological phenomenon in the repair process of many tissues due to various pathogenic factors such as inflammation, injury, drugs, etc. The characteristics of fibrosis are the activation of fibroblasts leading to myofibroblast proliferation and differentiation, subsequent aggerate excessive deposition of extracellular matrix (ECM). Then, a positive feedback loop is occurred between tissue stiffness caused by ECM and fibroblasts, ultimately resulting in distortion of organ architecture and function. At present, GRK2, which has been described as a multifunctional protein, regulates copious signaling pathways under pathophysiological conditions correlated with fibrotic diseases. Along with GRK2-mediated regulation, there are diverse effects on the growth and apoptosis of different cells, inflammatory response and deposition of ECM, which are essential in organ fibrosis progression. This review is to highlight the relationship between GRK2 and fibrotic diseases based on recent research. It is becoming more convincing that GRK2 could be considered as a potential therapeutic target in many fibrotic diseases.
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Introduction

G protein-coupled receptor kinase 2 (GRK2) is a ubiquitous member of G protein-coupled receptors (GPCRs) kinase family, which contains a group of seven serine/threonine protein kinases that is capable of specific recognition and phosphorylation of GPCRs (1). Apart from well-characterized mechanisms that GRKs mediate GPCRs desensitization (2), GRK2 also participates in the regulation of an enormous range of non-GPCRs substrates, even more becoming a vital integrative node in amount processes of signals transduction (3). Fibrosis is the final stage of a chronic inflammatory response, characterized by abnormal production of the extracellular matrix (ECM). Continuous progress can cause organ malfunction, and even failure, seriously threatening human health (4). Organ fibrosis is an illness progression caused by chronic inflammation and accumulation of fibrous tissue. To date, it is accounting for 45% of all-cause mortality world-wide (5). On the contrary, scientific discoveries have confirmed that early stage of fibrotic diseases is reversible, the effective measures contain removal or elimination of the causative agent. But it seems impossible to timely occurrence reversible and appropriately wound-healing, used to avoid complications (6, 7). Despite decades of research on fibrotic diseases, few effective and clinical anti-fibrotic drugs have been discovered yet (8, 9). Therefore, it is urgently to explore the pathological process and the underlying mechanism of fibrosis. Recently, anomalous GRK2 level and activity have been observed in various tissues during fibrosis pathophysiology such as hepatic fibrosis, myocardial fibrosis, pulmonary fibrosis, etc (10). In this review, we concisely summarize the advances of GRK2 in fibrosis, to better understand its mechanism and provide new potential therapeutic targets for fibrotic diseases.



Regulation of GRK2 Activity Under Pathophysiology Conditions

Tissue fibrosis is a pathologic process, in general, injury tissues are able to restore normal organ architecture and function (11). However, if there is a dysregulation between the inflammation, the proliferative or the remodeling stages under physiological conditions, the tissue injury signals will be triggered so that contribute to fibrosis, even resulting in organ dysfunction (12). GRKs are known as a serine/threonine protein kinases family, its catalytic activity towards receptors under physiological conditions would directly determine the regulation and desensitization of GPCRs signaling pathways, as well as its interaction with additional proteins (13). At present, GRKs are comprising seven isoforms (GRK1-7) in vertebrates. More importantly, GRK2 and 3 isoforms, the second subfamily named β-adrenergic receptor kinase subfamily, are ubiquitously expressed and generally localized to the cytosol and plasma membrane (14). Furthermore, recent studies have found that there are diverse changes in the expression and activity levels of GRK2 under pathophysiology conditions. Structurally, all GRKs comprise three main modular domains: the conserved central kinase domain (KD), the N-terminal (NT) region and a C-terminal region (CT) (15). Three domains of GRK2 are placed at the vertices of a triangle, which can transduce and modulate signaling events as a single molecule. Meanwhile, this structure would be beneficial to regulate the activity of GRK2 through dynamic interactions among different GRK2 domains themselves and with different intracellular, membrane proteins (16) (Figure 1). Thus, further understanding of the function of GRK2 that is regulated by phosphorylation or non-phosphorylation would be contributed to improving abnormal kinase activity or expression observed in pathological disorders (17).




Figure 1 | Functional domains and regulatory sites of GRK2. GRK2 contains multiple phosphorylation and non-phosphorylation sites. Phosphorylation sites of GRK2 by c-Src are Tyr-13 (N-terminal helix), Tyr-86 and Tyr-92 (RH domain). Protein kinase C (PKC) and protein kinase A (PKA) respectively phosphorylate GRK2 at Ser-29 and at Ser-685. GRK2 is phosphorylated on Ser-670 by extracellular-signal-regulated kinase 1/2 (ERK1/2) or cyclin-dependent protein kinase 2 (CDK2) down-regulates its activity. There is an interaction between caveolin and GRK2, which located in the PH domain (residues 567–584) and the N-terminal domain (residues 63–71).



Currently, c-Src regulates GRK2 function through phosphorylating the N-terminal (Tyr-13) and the RH domain (Tyr-86, Tyr-92). In vitro, GRK2 is directly phosphorylated by c-Src and then promotes tyrosine phosphorylation of agonist-stimulated β2-adrenergic receptor (β2-AR), which relies on the recruitment of c-Src by β-arrestins (18). In HEK293 cells treated with epidermal growth factor, PDEγ, as a connected protein, plays a vital role in the interaction between c-Src and GRK2 (19). For multi-protein complex, the interaction of GRK2 with Gαq is enlarged due to tyrosine phosphorylation, suggesting a direct effect on its catalytic activity and expression in cells (20). Moreover, the activity of GRK2 is down-regulated by PKC phosphorylation at Ser-29, and the underlying mechanism which seems not to involve in inhibiting its interaction with Gβγ (21). In addition, the phosphorylation of GRK2 by PKC promotes translocation of GRK2 to cell membrane, rather than regulating its catalytic activity in vivo, which is conducive to the phosphorylation of GRK2 to the receptor (22).

As for the CT domain, ERK1/2 or cyclin-dependent protein kinase 2 (CDK2) can phosphorylate the Ser-670 site of GRK2, which is the Gβγ binding domain of GRK2 as well. When GRK2 is phosphorylated at Ser-670, the binding of Gβγ with GRK2 is severely interrupted, thus its catalytic activity on receptor membrane substrate is reduced (23). Moreover, insulin signaling in aorta and liver is down-regulated due to the inhibition of GRK2 activity via ERK1/2 phosphorylation (24). In addition, the phosphorylation of GRK2 at Ser-685 by PKA contributes to aggerating calpain-dependent GRK2 proteolysis in vitro or enhancing the activity of GRK2 and ultimately resulting in β2-AR phosphorylation and desensitization (25, 26). On the other hand, phosphorylation of GRK2 by PKA has no impact on its activity, but it enhances the coupling of GRK2 to Gβγ subunit and subsequent translocation to the plasma membrane, thereby promoting membrane anchoring of GRK2 and phosphorylation of receptors (27).

Effectively, the activity of GRK2 is also regulated by several additional proteins through phosphorylation and non-phosphorylation, such as clathrin, caveolin, and RKIP. Other studies revealed that upregulation of RKIP level (a negative regulator of GRK2) leads to the reduction of GRK2, thereby weakening the down-regulation activity triggered by agonists and prolonging receptor signaling (28, 29). In recent years, two caveolin-binding motifs have been reported in GRK2 at positions 567–584 and at positions 63–71, respectively located in the PH domain and in the NH2-terminal domain. When bound to caveolin-1 or caveolin-3, GRK2-mediated phosphorylation will be inhibited, presumably basal activity of GRK2 is affected by caveolin (30, 31). Currently, it is reported that GRK2 bound to clathrin depended on the motif of residues 498-502, further study demonstrates that mutation of the clathrin-binding motif of GRK2 had no obvious effect on its kinase activity and the ability to interact with β2AR (32). In addition, Zhang et al. (33) has determined that GPCRs endocytosis caused by the interaction between clathrin and GRK2 relied on the status of receptor phosphorylation.



Relationship Between GRK2 and Fibrosis-Associated Pathways

Continuous research indicates that GRK2-mediated cellular signal transduction is closely associated with fibrotic diseases via kinase-dependent and independent manners (34, 35). Most studies have demonstrated that activated GRK2 could not only regulate the GPCRs-mediated singling pathway through desensitization of GPCRs, but also regulate non-GPCRs-mediated signaling pathway (36, 37). Subsequently, tyrosine kinases and various types of receptors are investigated as downstream targets of GRK2. Furthermore, it is also engaged in regulation of protein kinases, transcription factors and their regulatory proteins (Smad2/3, IκBα) (38). Increasing evidence suggests that GRK2, which exhibits the abnormal expression or activity, participates in the regulation of fibrosis-associated pathways, thus may as an essential role engages in the development of fibrotic diseases (Figure 2).




Figure 2 | GRK2 plays a diverse role in fibrosis-associated pathways. The phosphorylation of GRK2 by different kinases (PKA) also modifies kinase activity and substrate selection. GRK2 can regulate many downstream molecules and participates in the multiple signaling pathways. It not only activates PI3K/Akt, but also inhibits Akt/eNOS pathway to lower NO production. Activation of ERK1/2 pathway contributes to apoptosis. GRK2 promotes ERK1/2 phosphorylation, while ERK1/2 inhibits GRK2 phosphorylation. GRK2 and NF-κB can advance their activation through each other. Meanwhile, GRK2 inhibits Epac1/Rap1 pathway and inhibits the release of inflammatory cytokines. However, GRK2 promotes the phosphorylation of STAT1/3, which promotes the accumulation of inflammatory cytokines and contributes to the occurrence and development of fibrotic diseases.




Epac1/Rap1 Signaling Pathway

Exchange protein directly activated by cAMP 1 (Epac1), as a guanine nucleotide exchange factor, is responsible for activation of the Ras superfamily, Rap1 and Rap2 (39). Thereby regulating its downstream Akt, MAPKs, PKC and other signal pathways, and then involving in multiple diseases, including fibrosis (40). Studies have revealed that the increased expression of Epac1 promoted Rap1 and fibroblast cells activation, leading to collagen accumulation (41). Niels et al. (42) strongly indicates that the low nociceptor GRK2 is conducive to Epac1/Rap1, leading to PKCϵ and MEK/ERK-dependent signaling and prolonging hyperalgesia. Studies have been shown that GRK2 directly phosphorylates Epac1 at Ser-108 depends on its kinase activity, thereby inhibiting Epac1 translocation and occurring the downregulation level of activated Rap1 (43). Based on previous studies, we have reason to speculate that GRK2 with kinase activity, as a negative regulator that regulates the Epac1/Rap1 signaling pathway, may be a therapeutic target for fibrotic diseases (44).



AC/cAMP/PKA Pathway

It is now recognized that G-protein-adenylate cyclase (AC)-cAMP signal is one of the important transfer models in intracellular signal transduction, which plays a cascade amplification role in the transmission of external stimulus signals. cAMP, as an important second letter messenger, is produced by AC catalyze from ATP and the main function is to activate cAMP-dependent PKA. In acetaldehyde-treated primary hepatic stellate cells (HSCs), activation of AC/cAMP/PKA pathway contributes to HSCs activation and increasing the level of collagen I and III (45). Indeed, the further study investigates that the increased translocation of GRK2 by AC/cAMP/PKA, rather than phosphorylation, reducing the binding of GRK2 and ERK1/2 to inhibit ERK1/2 activation, which promotes PGE2-induced angiogenesis (46). At the same time, it has been found that VPAC2 receptor was phosphorylated by GRK2, accompanying with GRK2 phosphorylation at Ser-685 by PKA. Subsequently, the activated GRK2 could augment its mediated functional responses, including internalization and desensitization (47). Furthermore, GRK2 phosphorylates activated β-ARs to decouple G protein, decreasing the level of cAMP and then aggravates cardiac myocytes death. Recent study suggests inhibiting GRK2 in the cardiac fibroblasts (CF) could decrease fibrosis and fibrotic gene expression (48). These findings emphasize that a complex interaction exists among GRK2 and the AC/cAMP/PKA signaling pathway during the progression of fibrosis.



STAT1/3 Pathway

It is now recognized that the activation of STAT is associated with the gene expression of pro‐inflammatory and pro‐fibrosis (49). Upon activation, STAT3 is involved in fibrosis through enhancing ECM production (50). Likewise, activation of JAK2-STAT3 contributes to collagen synthesis, which is associated with the formation of the liver fibrosis or in high glucose-induced CF (51, 52). GRK2 has been identified to regulate a variety of pro‐inflammatory secretions. The high expression of nitric oxide synthase (iNOS) in microglial cells is caused by GRK2, which significantly enhances the phosphorylation levels of STAT1 and STAT3 through regulating the toll like receptor (53). The upregulation of iNOS could promote the secretion of inflammatory cytokines and development of many fibrous diseases (54). In addition, the nuclear translocation of phosphorylated STAT1 and STAT3 is restrained when GRK2 siRNA is transfected, in turn blocking the expression of iNOS (55). Therefore, these observations suggest a potential effect on GRK2-regulated the STAT1/3 pathway in various aspects of fibrosis progression.



PI3K/Akt Pathway

In general, PI3K/Akt acts as a usual transduction molecule in fibrotic diseases, is not only related to promote the production of collagen, but also to participate in the activation of myofibroblasts (56). Recent experiments have been shown that phosphorylation level of Akt is increased in liver fibrosis, which is regarding as a signal of eNOS expression, and resulting in production of NO (57). On the contrary, the inhibition of Akt/eNOS is confirmed by liver GRK2 in STZ-induced diabetic mice (58). They suggest that the direct binding between GRK2 and Akt could disrupt the latter membrane attachment (59). Liu et al. (60) has found that eNOS activation is down-regulated in endothelial diseases via the interaction of GRK2 with Akt, ultimately reduced NO production. However, another research suggests that stabilizing GRK2 kinase contributes to activating PI3K/Akt signaling pathway and promoting the development of gallbladder cancer (61). Moreover, it has been observed that the activation of the PI3K/Akt by IGF-1 could reverse the degradation of GRK2, leading to the enhancement of its stability and the upregulation of kinase levels (62). Besides this, emerging evidence have indicated that T cell cytokine secretion is due to the activation of PI3Kγ signaling, the direct protein-protein interaction between PI3Kγ and GRK2, which is depended on the Ser-197 site of PI3K molecule. GRK2 activity is essential to the transactivation of CXCR4 and TCR–CXCR4 complex formation, deriving the activation of PI3Kγ signaling to promote the secretion of IL-2 and IL-10 (63). These findings confirm that there is a mutual crosstalk relationship between GRK2 and PI3K, which related to membrane targeting, kinase activity and levels of GRK2.



ERK1/2 Pathway

It has been demonstrated that the proteasomal degradation of GRK2 could be interrupted through ERK phosphorylated it on Ser-670 (64). It is beneficial to enhance p-GRK2 level consists with p-ERK1/2 increased, which appears to enlarge myocardial infarction and fibrotic area, as well as collagen synthesis. When the ERK1/2 signaling is blocked in mice CFs, the expression of p-GRK2 is obviously reduced (65). Whereas other studies have demonstrated that the proliferation of CFs stimulated with arginine vasopressin (AVP) is obviously increased, which through V1AR-mediated GRK2/β-arrestin/ERK1/2 signaling (66). Simultaneously, another results suggest that silencing GRK2 could inhibit the continuous production of p-ERK1/2 induced by AVP then decreased caspase-3/7 activity and H9c2 cell survival (67, 68). Likewise, in A7r5 cells, inhibition of GRK2 can reduce AVP-mediated sustained phosphorylation of ERK1/2 and epidermal growth factor receptor activation, cell proliferation is also inhibited (69). Based on the previous studies, how GRK2 affect the phosphorylation of ERK1/2 in fibrotic disease is not fully understood.



P38 MAPK Pathway

P38 MAPK, as a classical subtypes of MAPKs, engaging in cell differentiation, mitogenesis, and apoptosis, etc. To date, secretion of inflammatory cytokines via p38 MAPK activation leads to fibrosis emerged (liver, renal, lung and heart) (70, 71). Zhao et al. (72) reveals that aggravated p-p38 expression appears to promote the polarization of M1 macrophages, and induced monocyte infiltration which is contributed to liver fibrosis. Furthermore, Liu et al. (73) has determined that p38 induced GRK2 phosphorylation at Ser-670 contributes to enhancing LPS-stimulated monocyte migration. However, it is reported that GRK2 upregulates the phosphorylation of p38 to increase antigen-induced mast cell degranulation and cytokines production (74). On the contrary, GRK2, as a negative regulator, appears to phosphorylate p38 at Thr-123 contributes to inhibiting p38-mediated signaling transduction (75). Consequently, there is a crosstalk mechanism between GRK2 and p38, especially in fibrosis, which has not been claimed obviously.



Nuclear Factor κB (NF-κB) Signaling Pathway

It is a well-known concept that NF-κB regulates a wide variety of biological responses and regulates inflammatory factor production, including interlukine-6 (IL-6), IL-1 and other cytokines. Both in hepatic and renal fibrosis, activation of NF-κB signaling pathway is involved in the activation of fibroblasts and accumulation of ECM (76, 77). Moreover, there is an obvious relationship between many other fibrotic diseases and the activation of NF-κB regulated by multiple molecules (78). Sonika et al. (79) suggests that GRK2 negatively regulates NF-κB1-p105-ERK pathway in primary macrophages stimulated by lipopolysaccharide. However, another study recognized that the activation of NF-κB is eliminated by inhibition of GRK2, diminishing the production of IL-6 in AVP-stimulated rat CFs (80). Similar results are confirmed that GRK2 is affecting the ability of NF-κB translocation to the nucleus in post-ischemic cells. It has been reported that the increased ability of NF-κB translocation to the nucleus contributes to tumor necrosis factor alpha (TNF-α) production and the activation of myofibroblasts (81). At present, the up-regulated translocation of NF-κB coursed by oxidative stress, resulting in GRK2 membranous translocation to increase the phosphorylation of dopamine D1 receptor (D1R) (82). According to the above research, there is a conflict effect of GRK2 in the activation of NF-κB pathway. Meanwhile, it’s necessary for us to require more studies to investigate the relationship between GRK2 and multiple signaling pathways in fibrotic diseases.




GRK2 and Fibrotic Disease

Under pathologic circumstances, the normal tissue repair response deviates from the homeostatic regulatory mechanisms and evolves into a diverse fibrotic process characterized by exaggerated deposition of ECM, which interrupts the normal organ architecture and ultimately becomes organ failure (83) (Figure 3). In general, fibroblasts are the principal resource of ECM. Additionally, many immune cells, such as macrophages, neutrophil, and thymus cells, participates in the development of organ fibrosis through secreting some pro-inflammatory or anti-inflammatory factors, including interferon-gamma (IFN-γ), matrix metalloproteinases (MMPs), IL-1β, IL-13, TNF-α, transforming growth factor-beta (TGF-β), etc (84) (Figure 4). At present, the treatment of fibrotic diseases is still a major difficulty. Accumulating evidence suggests the GRK2 signaling hub can influence different cells activation (85) and tissue fibrosis process, eventually leading to organic structure destruction and dysfunction (Table 1).




Figure 3 | Similar pathological features of organ fibrosis. Fibrosis is a wound-healing process that leads to disruption of tissue architecture, organ dysfunction and eventually organ failure, which involves liver, heart, kidneys and lungs. Under continuous injuries or stimulation, the normal tissue repair response evolves into a diverse fibrotic process, including activation of fibroblasts, production of inflammatory cytokines and exaggerated accumulation of extracellular matrix (ECM).






Figure 4 | The relationship between GRK2 and fibrotic diseases. Various factors contribute to fibrosis progression in different tissues such as liver, kidney, lung, cardiac. When occurring the continuous pathological stimulus, the activated inflammatory cells and myofibroblasts will lead to extracellular matrix (ECM) production, resulting in fibrosis. Macrophages and endothelial cells can secrete cytokines. The immune cells including monocytes and neutrophils will secrete pro-inflammation factors, leading to the reactive oxygen species (ROS) and inflammation, and assist in the activation of myofibroblast. Important features of fibrous processes that are common in these organs include overproduction of cytokines, such as IL-1β, etc. Many injuries and stimulation will lead to the change of GRK2, GRK2 is involved in the pathological mechanism leading to the occurrence of organ fibrosis via multiple ways.




Table 1 | Role of GRK2 in the development of multiple fibrotic diseases.




Liver Fibrosis

Liver fibrosis refers to the repeated destruction and regeneration of hepatocytes during the development of chronic liver disease, which leads to excessive deposition and abnormal distribution of ECM such as collagen, glycoproteins, and proteoglycans in the liver (98). This process also leads to the continuous activation of HSCs, which then leads to the formation of scar tissue in the liver and presents as abnormal wound healing. Activation of HSCs is considered to be a key step in the development of liver fibrosis (99). Upon stimulation of pro-fibrogenic factors, quiescent HSCs are activated to become myofibroblasts, which are characterized by enhanced proliferation and chemotaxis, and excessive ECM components production such as collagen I. Liver fibrosis may develop into cirrhosis, even ultimately leading to hepatocellular carcinoma (100). It’s urgent to find effective therapeutic targets for liver fibrosis because it contributes to increasing the incidence of morbidity in developed countries (101). In this regard, the researcher has reported that GRK2 is overexpressed in liver cirrhosis patients. Upregulation of GRK2 reduces migration activity of the polymorphonuclear neutrophils through activating IL-33/serum stimulation-2 (ST2 pathway), along with lower expression of membranous CXCR2 (91). Consistent with these findings, the increased expression of GRK2 has been found in cirrhotic patients and rats, accompanying with the aggravated interaction between the α1 adrenergic receptor and β-arrestin2 (92). Moreover, a porcine serum-induced liver fibrosis model in rats is used in our previous study, its pathological feature is more similar to humans in the pathogenesis of liver fibrosis. At the same time, we have found that the expression of GRK2 in liver tissue shows a downward trend with the extension of the modeling time, which is consistent with the expression tendency in rat HSCs. In addition, experiments also find lower GRK2 expression can promote the proliferation of HSCs and promote the occurrence of liver fibrosis (93). Adenosine is a purine nucleoside that acts on the adenosine A2A receptor (A2AR), as well as participating in collagen production. Furthermore, depletion of A2AR would ameliorate the fibrosis (94). Further investigation has suggested that IFN-γ disrupts the expression of AC, which is required for A2A to promote the production of collagen and exert anti-fibrotic effect. Meanwhile, TNF-α could enhance the activity of A2AR by impairing GRK2 and β-arrestin-mediated receptor desensitization. It suggested that GRK2 may also slow down the process of liver fibrosis by desensitizing A2AR in fibrotic tissue (95, 96). In the future research, we must pay more attention to potential role and mediated mechanisms of GRK2 in liver fibrosis.



Myocardial Fibrosis

In the healthy heart, it seems essential to maintain both structure and integrity of the organ by ECM (102). Conversely, cardiac stress leads to excessive production of ECM, which ultimately causes the occurrence of cardiac fibrosis (103). Components of ECM including collagen I and III, laminin, fibronectin and matrix metalloproteinases, which are mainly produced by CFs (104). CFs, the main effector cells, in the course of cardiac fibrosis may proliferate, migrate, and differentiate into myofibroblasts, which is characterized by increased amount of alpha-smooth muscle actin (α-SMA) (105). Generally speaking, cardiac fibrosis has been linked to morbidity and mortality. Due to heart failure may be caused by cardiac fibrosis, which affecting 1%~2% of the world’s population live, it is a major public health concern (106, 107). Even though the reports have demonstrated that reversibility is definite in cardiac fibrotic, the mechanisms responsible for cardiac fibrosis is still unclear (108).

GRK2 has turned out to be crucial in cardiac contractility (87). The expression of GRK2 in myocardial depends on its level in peripheral blood mononuclear cells, likewise upregulation of GRK2 was shown in hypertrophy and hypertension (86). Currently, depletion of GRK2 in fibroblasts reduces the expression of fibrotic gene and diminished fibrosis in a post-ischemia-reperfusion (I/R) mice model (109). Otherwise, elevated level of AVP, which is secreted in response to hypovolemic of cardiac stress, has been considered as a potential risk factor of cardiac fibrosis. AVP induces the proliferation of CFs via GRK2/β-arrestin/ERK1/2 signaling pathway, while AVP-induced CFs proliferation is eliminated after GRK2 is blocked (66). Accordingly, other studies show that the up-regulated expression of p-GRK2 consisted with the activation of the ERK1/2/Smad2/3 signaling pathway is conducive to the production of collagen I/III in myocardial fibrosis mice (65). Moreover, GRK2-Ct peptide transfection (GRK2-Ct, inhibitory peptide of GRK2 activation) or GRK2 shRNA-mediated gene silencing abolishes AVP-evoked p-ERK1/2 and suppresses the expression of MMP2 and α-SMA in CFs, which could also inhibit the proliferation of CFs. The results of this study suggest that the low expression level of GRK2 could inhibit myocardial fibrosis. The degree of fibrosis is attenuated in the GRK2flox/flox mice. However, knockdown of GRK2 significantly enhances carbachol-mediated activation of ERK1/2 in vitro (74). And researchers also have detected changes in GRK2 levels at different time points after I/R injury. Strikingly, they believe that the expression of GRK2 markedly diminished after myocardial I/R, Akt protein levels show a similar trend as GRK2 upon pre-conditioning. The data indicate that GRK2 phosphorylation at Ser-670 in ischemia or at Ser-685 in early reperfusion, which respectively aggravate proteasome- and calpain-mediated GRK2 degradation (110). Consistent with these findings, GRK2 is on a trajectory to become the most important target for cardiac fibrosis, and it is urgently to further explore the underlying mechanisms.



Renal Fibrosis

During the past decades of years, the mortality of chronic kidney disease (CKD) has increased rapidly and continues to increase at an annual rate of 1% per year, which makes this life-threatening disease a global burden (111). Renal fibrosis, which is a common pathological result of most patients with advanced CKD (112). It is initially triggered by various biophysiological damages or inflammatory cytokines as a protective response to kidney damage. However, this reaction will become a pathogenic factor when kidney damage is prolonged and overreacted, eventually giving rise of end-stage kidney disease. Likewise, continuous renal inflammation, including secretion of pro-fibrotic factors, chemokines and cytokines, which could prompt the fibrosis (113). Renal fibrosis is a complicated disorder characterized by the destruction of kidney parenchyma, composed by the abnormal accumulation of ECM and lower glomerular filtration rate (114).

GRK2 plays a canonical role in regulating angiotensin II type 1 receptor (AT1R) desensitization, which is important in modulating a multitude of function in the kidney such as renal blood flow, glomerular filtration (115). GRK2 knockout rat model has been used to investigate the effects of GRK2 in kidney diseases, continues studies investigate that severer kidney-specific damage was occurred in GRK2 knockdown mice. Glomerular formation is altered during the development of GRK2 targeted knockout mice, which may be the basis for kidney shrinkage and functional decline in adult shGRK2 mice. In addition, the production of reactive oxygen species and ECM is increased in the GRK2 knockdown mice, especially the level of collagen rises obviously. The underlying mechanism possibly contributes to activating AT1R signaling through GRK2 depletion, instead of the expression of renal AT1R, which altering the renal function in shGRK2 mice (88). Whereas there is no obviously hypoplasia effect on other organs, it is worth noting that the regulation of GRK2-mediated AT1R signaling in nephrogenesis. There is another research presented that the increased expression of cytoplasm GRK2 may modulate the internalization of EP1 and promote the proliferation of glomerular mesangial cells, leading to the deposition of ECM (89, 116). Numerous preclinical studies confirmed that damaged kidney function, as an indicator of death in patients with ischemic and non-ischemic etiologies advanced chronic heart failure, have strongly linked to heart disease (117). Advance of CKD in the chronic phase of heart failure consists with altered GRK2 expression and membrane translocation via GPCRs-Gβγ, which promotes renal inflammation and fibrosis (90). Mechanistically, disrupting Gβγ-GRK2 signaling seems to play a major role in renal protection. As mentioned before, we need to be aware of the urgency of finding an effective strategy for anti-renal fibrosis, which is related to alteration of GRK2.



Pulmonary Fibrosis

Pulmonary fibrosis caused by injury and infection is typically one of the chronic, prolonged pulmonary disease processes, along with excessive deposition of the ECM (118, 119). Moreover, multiple cytokines (including IFN-γ, TGF-β, IL-1β, TNF-α, IL-8 etc.) secreted by alveolar epithelial type cells, macrophages and other cells can promote the activation of fibroblasts, and also as an important risk for fibrosis (120). Roux et al. (121) has showed that IL-8, an important mediator of acute lung injury, could be elevated expression in rat and human alveolar epithelial type II cells. Furthermore, IL-8 inhibits β2AR agonist-stimulated alveolar epithelial fluid transport through the GRK2/PI3K signaling pathway. This effect appears to the aggravated acute lung injury, even resulting in pulmonary fibrosis and failure. Mak et al. (122) has used eight cases of normal lung tissues and nine lung tissues within by cystic fibrosis. The lung tissues are homogenized by centrifugation after grinding. In the cystic fibrosis tissues, there is a higher expression of GRK2 by Western blot. The level of GRK2 mRNA is detected by Northern blotting, and the same result is achieved. However, Chen et al. (97) suggests that nintedanib successfully down-regulates the expression of α-SMA, collagen-1, chemokine receptor 2 and very late antigen 4 in bleomycin-induced pulmonary fibrosis, as well as an upregulation of GRK2 activity in peripheral blood neutrophils. Previous effects lead to ameliorate the lung inflammation, fibrosis and neutrophil chemotaxis. Although GRK2 has been confirmed to be involved in the development of pulmonary fibrosis by regulating multiple signaling pathways, the exact role of GRK2 has not yet been clearly illustrated.




Conclusion and Prospect

Accumulated evidence has focused on the essential role of GRK2 subtype in fibrotic diseases. With further exploration of research, more and more functions and potential value of GRK2 have been discovered. The expression of GRK2 could be used as biomarker to detect cardiac damage and determine the appropriate timing for clinical interventions even when this damage was not clinically very evident. Recently, plenty of fibrotic related pathways were shown to associate closely with the abnormal expression and activity of GRK2, and specific regulation in different cellular processes.

Fibrotic disease is one of the most difficult clinical problems in the world, thus blocking the further progress of fibrosis is crucial. Several methods have been designed to block GRK2 expression including congenital gene knockout. The application of GRK2 siRNA or GRK2 adenovirus can reduce the expression of GRK2 at the gene level. In addition, small molecule inhibitors and various peptides of GRK2 also have been applied to decrease the expression or activity of GRK2. Emerging strategies targeting GRK2 functionality are being investigated. Some methods have been identified to be effective in cell lines even in an animal model. The incidence of fibrosis is increasing globally, so it is necessary to understand the underlying mechanism of GRK2 in the process and take effective measures in time. During decades of research and exploration, GRK2 presents multiple functions in cardiac contractility, cell proliferation, inflammation and metabolic homeostasis. Simultaneously, several experiments suggested that the increased GRK2 in CFs induces the deposition of ECM, others also demonstrate the up-regulated GRK2 promotes the secretion of inflammatory cytokines in macrophages, then inducing fibroblasts activation (123). However, the decreased GRK2 is shown in the development of pulmonary fibrosis, and there is another result indicates that desensitization of A2AR by GRK2 may contribute to down-regulating the process of liver fibrosis. The data present that there is a difference of level of GRK2 in different fibrotic diseases, both expression and activity. GRK2 expression and activity were mainly detected in amounts of animal models rather than in enough clinical studies. Therefore, whether in animals or in clinic, it is more urgent to specifically explore how to target GRK2 in the treatments of fibrotic diseases. Meanwhile, it seems more indispensable to soft control GRK2 expression and function under pathological conditions to “normal” physiological states so as to restore the dynamic balance of cellular processes and prevent the development of organ fibrosis.
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Idiopathic pulmonary fibrosis (IPF) is a progressive, lethal fibrotic lung disease that occurs primarily in middle-aged and elderly adults. It is a major cause of morbidity and mortality. With an increase in life expectancy, the economic burden of IPF is expected to continuously rise in the near future. Although the exact pathophysiological mechanisms underlying IPF remain not known. Significant progress has been made in our understanding of the pathogenesis of this devastating disease in last decade. The current paradigm assumes that IPF results from sustained or repetitive lung epithelial injury and subsequent activation of fibroblasts and myofibroblast differentiation. Persistent myofibroblast phenotype contributes to excessive deposition of the extracellular matrix (ECM) and aberrant lung repair, leading to tissue scar formation, distortion of the alveolar structure, and irreversible loss of lung function. Treatments of patients with IPF by pirfenidone and nintedanib have shown significant reduction of lung function decline and slowing of disease progression in patients with IPF. However, these drugs do not cure the disease. In this review, we discuss recent advances on the pathogenesis of IPF and highlight the development of novel therapeutic strategies against the disease.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive interstitial lung disease of unknown etiology and with a poor prognosis. IPF primarily occurs in middle-aged and elderly adults. In the United States, median age of newly diagnosed patients is 62 years, and 54% of them are male (Mortimer et al., 2020). The epidemiological survey of IPF shows that the global incidence and prevalence of IPF are in the range of 0.09 and 1.30 per 10,000 people and increasing year by year. Compared with other countries studied, the United States, South Korea and Canada have the highest incidence (Schafer et al., 2020; Maher et al., 2021a). Histopathological characteristics of IPF include excessive deposition of the extracellular matrix (ECM), leading to distortion of normal lung architecture and irreversible loss of lung function (Glass et al., 2020). IPF is clinically manifested by progressive dyspnea and a significant decrease in lung compliance (Schafer et al., 2020). In the past decade, significant progress has been made on our understanding of the mechanisms underlying this disease. The development of IPF is thought to be associated with both genetic and environmental factors. It is proposed that repetitive micro-injuries to alveolar epithelial cells trigger abnormal epithelial-fibroblast communication, which eventually results in abnormal ECM accumulation and pathological lung remodeling (Heukels et al., 2019; Martinez et al., 2017; Richeldi et al., 2017).
There is a growing portfolio of treatment options for IPF. Two drugs, nintedanib and pirfenidone, have been approved for treatment of patients with IPF. Nintedanib is a tyrosine kinase inhibitor, while pirfenidone is an oral pyridine that has anti-inflammatory, antioxidant, and anti-fibrotic effects. The two drugs have demonstrated reduction of lung function decline and slowing of disease progression, but they were also associated with some side effects and tolerability issues (Liu et al., 2017). Lung transplantation is the fundamental treatment for IPF. The average survival time of post-transplantation is 4–5 years. However, due to the restricted supply of donor organs and the limitation of chronic allograft rejection, only a few patients can receive this intervention (Kumar et al., 2018). Currently, IPF management is still aim to ameliorate symptoms, improve health status and preserve lung function (Glassberg, 2019). A better understanding of the pathogenesis of IPF will benefit the development of more efficient and safer therapies against IPF. This review will summarize recent advances in the pathogenesis of IPF (Figure 1) and highlight promising novel therapeutic strategies against the devastating fibrotic lung disease.
[image: Figure 1]FIGURE 1 | Pathogenesis of idiopathic pulmonary fibrosis. Genetic factors affect the integrity of epithelial cells, environmental factors and aging-related changes will trigger epigenetic reprogramming. The combined action of the three factors will cause epithelial cell damage and trigger the abnormal activation of epithelial cells. Activated epithelial cells secretes a large number of cytokines such as TGF-β which consequently promotes fibroblast migration and proliferation, and also promote fibroblasts to differentiate into myofibroblasts. Myofibroblasts secrete large amounts of ECM, leading to ECM deposition. In addition, epithelial cell damage, disfunction and exhaustion of stem cells, abnormal deposition of extracellular matrix and matrix stiffness play a vital role in progression of abnormal lung fibrosis and remodeling of lung structure.
RISK FACTORS
Genetic
Genetic factors play an important role in the development of IPF (Figure 1). Genetic susceptibility of IPF includes single nucleotide polymorphisms (SNPs) and the resultant changes in gene expression. Familial interstitial pneumonia (FIP) is an autosomal dominant genetic disease with variable penetrance in which rare genetic variants have been identified (Kropski et al, 2015; Lorenzo-Salazar et al., 2019). These genetic variations involve the maintenance of telomere length (telomerase reverse transcriptase-TERT, telomerase RNA component-TERC, poly (A) -specific ribonuclease-PARN and regulator of telomere elongation helicase-RTEL) (Barros et al., 2019) and epithelial barrier function (desmoplakin-DSP, dipeptidyl peptidase 9-DPP9, AKAP13, CTNNA) (Allen et al., 2017; Fingerlin et al., 2013). Mutations in Toll-interacting protein (TOLLIP) (encoding an inhibitor of transforming growth factor-β (TGF-β) pathway and key regulator of Toll-like receptor-mediated innate immune responses) are associated with decreased expression of TLR mRNA and increased susceptibility to lung infections (Barros et al., 2019).
The genome-wide association studies (GWAS) found that a SNP (rs35705950) in the promoter region of mucin 5B (MUC5B) greatly increases the risk of IPF (Moore et al., 2019). MUC5B contributes to airway mucus production and plays an important role in innate immunity of lungs. Overexpression of MUC5B is related to impaired mucociliary clearance (MCC) and the degree and duration of fibrosis (Hancock et al., 2018; Zhang Q et al., 2019). The rs35705950 minor allele mutation can lead to overexpression of mucin 5B in small airway epithelial cells, and DNA methylation is closely related to genetic susceptibility of MUC5B (Zhang Q et al., 2019). In addition, a study identified a positive feedback bistable ERN2-XBP1S pathway upregulated MUC5B mRNAs in IPF and further regulated mucus secretion, providing an unfolded protein response (UPR)-dependent mechanism with rs35705950 variant (Chen G et al., 2019).
Environmental
Environmental exposure and genetic predisposition may have a synergistic effect in the development of IPF (Figure 1). In both sporadic and familial pulmonary fibrosis, environmental exposures to lung epithelium can increase the risk of IPF. Of them, smoking and metal dust are the strongest risk factors (Kc et al., 2018; Pardo and Selman, 2020). Cigarette smoke can cause a variety of cellular changes through epigenetic mechanisms. It also induces miRNA imbalance and ER stress, promoting spontaneous lung injury and differentiation from fibroblast to myofibroblast (Mascaux et al., 2009; Song et al., 2019). Pollutants and ultrafine particles in cigarette smoke contain carbon black (CB) and cadmium (Cd). The content of Cd and CB in IPF lung tissue increased significantly and was directly proportional to the amounts of citrullinated vimentin (Cit-Vim). Under activation of Akt1 and peptidylarginine deiminase 2 (PAD2), Cd/CB can induce Vim citrullination and Cit-Vim secretion, which in turn triggers fibroblasts to infiltrate lung microspheres, promotes increased expression of collagen and α-smooth muscle actin (α-SMA), and induces lung fibrosis (Li et al., 2021).
Microorganisms (viruses, fungi and bacteria) play a potential role in the pathogenesis of IPF (Lipinski et al., 2020). Compared with normal people, IPF patients have an imbalance in the composition of the lung microbiota, which can serve as a persistent stimuli for repetitive alveolar injury (Molyneaux et al., 2017). The inflammatory and fibrotic mediators and immune disorders in the lungs of IPF patients are related to bacterial load. In animal models of pulmonary fibrosis, pulmonary dysbiosis precedes the peak of lung injury and persists throughout the period of fibrosis. After adjusting the relevant clinical and physiological variables, lung bacterial burden can predict disease progression of IPF patients (O'Dwyer et al., 2019). In addition, Epstein-Barr virus (EBV), cytomegalovirus (CMV) and human herpes virus are detected in alveolar epithelial cells of patients with IPF, suggesting a link between viral infection and increased risk of IPF. Although the mechanisms by which viral infection is associated with IPF remains unclear, studies suggest that it may be related to activation of epithelial-mesenchymal transition, promotion of TGF-β expression, and induction of epigenetic reprogramming (Li et al., 2018; Sides et al., 2011). Interestingly, IPF patients expressing MUC5B risk alleles have a significantly lower bacterial burden compared with the patients who do not bear the risk allele (Molyneaux et al., 2014). NEDD4-2 modulates epithelial Na+ channel (ENaC) through ubiquitination, which is essential for proper mucociliary clearance of inhaled irritants and pathogens. Recent study has shown that expression of NEDD4-2 is reduced in IPF lung tissue. NEDD4-2 promotes fibrosis remodeling through regulating the expression of proSP-C, Smad2/3 and TGF-β signaling pathway (Duerr et al., 2020).
Aging
Aging is a pathological feature of both human IPF and experimental lung fibrosis in animals. The major characteristics of aging lungs include telomere mutations, epigenetic changes, loss of protein homeostasis, mitochondrial dysfunction, and cellular senescence (Figure 1). Telomere mutations often result in abnormal DNA repair and genome instability, which serves as a trigger for cell senescence (Lopez-Otin et al., 2013; Barros et al., 2019). In addition to DNA damage, telomere shortening or damage may also promote fibrosis by impairing tissue repair function, activating p53, reducing mitochondrial biosynthesis, and triggering cellular senescence pathways (Sui et al., 2016; Pineiro-Hermida et al., 2020). There is evidence that in IPF, most of the changes related to aging, including shortening of telomeres which mainly occurs in Alveolar epithelial type II cells (AT2) (Selman et al., 2019). F-box and WD repeat domain-containing protein 7 (FBW7) is identified as a driver of pulmonary premature senescence and fibrosis. It is an E3 ubiquitin ligase that facilitates telomere protective protein 1 (TPP1) multisite polyubiquitination and accelerates degradation through binding to TPP1, thereby triggering telomere uncapping, cause cell senescence and tissue fibrosis (Wang L et al., 2020). Studies have shown that expression of core senescence-related markers is significantly elevated in IPF AT2 cells. These markers include CDKN1A/p21, CDKN2A/p16, TP53, MDM2, CCND1 (Barnes et al., 2019; Liu B et al., 2019). In addition, aging may cause dysfunction of stem/progenitor cell renewal, rendering alveolar epithelial cells incapable of repairing and regenerating injured lungs. Aging epithelial cells can produce a variety of pro-inflammatory and pro-fibrotic mediators, such as Interleukin 6 (IL-6), IL-1 and TGF-β, which are part of the senescence-associated secretory phenotype (SASP) (Merkt et al., 2020). In contrast, aging fibroblasts have stronger anti-apoptotic ability to resist environmental stress and can increase extracellular matrix components (Mora et al., 2017; Moore et al., 2019). Metabolic changes, such as glycolytic reprogramming, also play an important role in the pathogenesis of pulmonary fibrosis. Human metabolomics studies have shown that IPF lung tissues displayed increased glycolysis compared with healthy controls (Zhao et al., 2017). Specifically, aging fibroblasts increase glucose utilization and increase resistance to apoptosis (Cho et al., 2017; Selvarajah et al., 2019; Cho and Stout-Delgado, 2020). Studies have suggested that plasminogen activator inhibitor 1 (PAI-1) can protect (myo) fibroblasts from apoptosis in old mice. PAI-1 is the effector molecule of TGF-β, which can induce senescence by inducing p21 (Huang et al., 2015). Aged mice develop nonresolving pulmonary fibrosis following lung injury. Intriguingly, p53 signaling is abnormally activated in aging AT2, and silencing the expression of p53 can inhibit the development of progressive fibrosis (Borok et al., 2020; Yao et al., 2020). Changfu Y et al. determined that senescence rather than AT2 cell depletion is the key link in promoting progressive fibrosis, so genetic intervention for p53 activation and senescence will become a therapeutic target for pulmonary fibrosis in the future (Yao et al., 2020). These findings suggest that targeting aged cells may be effective for the treatment of fibrotic lung disease.
Epigenetic Reprogramming
Increasing evidence demonstrated that under the influence of environmental factors and aging, epigenetic changes play an important role in IPF (Kadel et al., 2019; Yamada, 2020; Yang and Schwartz, 2015). Epigenetic modifications include DNA methylation, histone modifications, and changes in the expression of non-coding RNA (especially microRNA) (Chen et al., 2017). When individuals are exposed to environmental stresses, such as smoke and dust, air pollution can cause epigenetic changes. It has been shown that silica exposure increases expression of DNA methyltransferase 1 (DNMT1) in patients with IPF, leading to the accumulation of collagen and lung fibrosis (Zhang N et al., 2019).
Genome-wide methylation analysis has shown that there are 2130 differentially methylated regions (DMR) in IPF lungs compared with healthy lungs (Yang et al., 2014). Methylation in these DMRs may regulate expression of multiple target genes and miRNAs involved in the development of IPF (Luo et al., 2020). Changes in DNA methylation correspond to altered mRNA expression of a variety of genes, some of which, such as apoptosis regulation and biosynthesis processes, have known roles in IPF (Cisneros et al., 2012; Rabinovich et al., 2012; Sanders et al., 2012). Regulation of DNA methylation has been demonstrated as a key pathogenetic pathway in TGF-β-induced lung fibrosis, through reduction of prostaglandin E2 (PGE2) and stimulation of epithelial-mesenchymal transition (Hu et al., 2010; Huan et al., 2015). Li et al. confirmed that MBD2 is highly expressed in macrophages in fibrotic lung. MBD2 is a member of the methyl-CpG-binding domain (MBD) proteins family. It directly binds to methylated CpG DNA to regulate PI3K/Akt signaling, thereby enhancing macrophage M2 program and promoting TGF-β signaling (Wang et al., 2021). In addition, HMG AT-hook 2 protein (HMGA2), a member of high-mobility group (HMG) proteins family, can regulate the transcription of its target genes by changing the chromatin structure at the promoter and/or enhancers, which can mediate transformation TGF-β1 signaling. Recent studies have found that inhibiting HMGA2-FACT-ATM-pH2A.X axis of human lung fibroblasts in vitro could reduce fibrotic hallmarks (Dobersch et al., 2021).
Studies of histone modifications of IPF lungs found that when treated with histone modification-related drugs (TSA, SpA, etc.), the level of surfactant protein C (Sp-C), the activation and proliferation of fibroblasts are all significantly affected. Additionally, histone modifications can also affect the anti-apoptotic ability of fibroblasts by inhibiting anti-fibrotic genes such as FAS and caveolin 1 (Cav-1) (Bartczak et al., 2020). Ligresti,G et al. identified that histone methyltransferase G9a/chromobox homolog 5 (CBX5)/methylated lysine 9 residue on histone 3 (H3K9me) were key regulators of fibroblast activation, and determined that by participating in the CBX5/G9a pathway, TGFβ and increased matrix stiffness effectively inhibited PGC1α expression in lung fibroblasts (Ligresti et al., 2019).
miRNA microarray analysis showed that expression of miR-21 and miR-199a-5p was increased in IPF lungs, while expression of miR-31, let-7 and miR-200 was decreased (Yang et al., 2015). Among them, miR-21 can induce epithelial-mesenchymal transition (EMT) by inhibiting Smad7 and promote TGF-β-induced fibrosis (Liu et al., 2010), while Let7 may participate in fibrotic process by targeting HMGA2 (Chirshev et al., 2019). The miR-200 family promote AT2s to restore its ability to transdifferentiate into Alveolar epithelial type I cells (AT1) (Moimas et al., 2019). The presence of miR-145 can activate TGF-β to induce fibrosis, and it can also induce expression of α-smooth muscle actin (α-SMA), which is a hallmark of fibroblast to myofibroblast differentiation (Yang et al., 2013). MiR-424 targets Smurf2 (TGF-β pathway inhibitor) to promote fibroblast differentiation and promote TGF-β secretion (Xiao et al., 2015). MiR-301a can regulate fibroblast activation induced by TGF-β and IL-6 (Wang J et al., 2020). miR-29 is a main negative regulator of ECM production. Further studies have found that IPF ECM inhibited miR-29 expression upstream at the transcriptional level, and suppressed Dicer1 downstream at the processing steps to maintain the fibrosis progression (Herrera et al., 2018).
CELLS AND REGULATORS
Epithelial Cells Damage
Currently, the prominent initiation of IPF is widely considered to be repeated lung epithelial cell damage and repair dysfunction. Under normal circumstances, the damage of alveolar epithelial cells will lead to recruitment of inflammatory cells, fibrosis and matrix deposition in order to repair the damaged cells. This stage is temporary and then normal pulmonary homeostasis will be restored through activation of apoptotic pathways and phagocytosis of macrophages during the injury repair stage (Desmouliere et al., 1995). However, in IPF lungs, mutations of lung epithelial restriction genes (SFTPC, SFTPA2 and ABCA3) and abnormal expression of genes such as MUC5B cause lung epithelial mucosal barrier dysfunction (Hancock et al., 2018). Repeated stimulation of microorganisms, smoking, gastroesophageal reflux and other factors destroys the integrity of the lung epithelium. In addition, inflammation, excessive production of reactive oxygen species (ROS) and endoplasmic reticulum stress (ERS) in IPF lungs lead to repetitive damage to epithelial cells (Ornatowski et al., 2020).
In the past decades, there has been numerous works to determine the central role of stem cells in epithelial repair, including AT2s and its subsets, basal cells, bronchoalveolar alveolar stem cells (BASC) (Frank et al., 2016; Hewlett et al., 2018). Studies have identified a subset of fibroblasts expressing PDGFRα+ or Lgr5+ can participate in alveolar homeostasis by stimulating Wnt signaling (Axin2+) located in the alveolar compartment. These subset of fibroblasts are involved in promotion of alveolar growth and maturation, and preferentially differentiate into myofibroblasts after lung epithelial injury (Lee et al., 2017; Zepp et al., 2017).
Lung Stem Cells Dysfunction and Exhaustion
In IPF, genetic and environmental factors may cause damage to AT1s, while dysfunction of AT2s makes it difficult to repair the damaged AT1s. AT2s, serve as the predominant epithelial progenitor in alveoli, play an important role in maintaining lung homeostasis (Parimon et al., 2020). Abnormal function of alveolar epithelial cells is associated with activation of signal pathways such as Wnt/β-catenin and Sonic Hedgehog (Stewart et al., 2003; Nabhan et al., 2018; Reyfman et al., 2019). Recent study identified a rare subset of mature AT2 cells with stem cell propertie marked by continuous expression of the Wnt target gene Axin2. Canonical Wnt signaling pathway blocks reprogramming of alveolar stem cells into AT1 cells. When injury occurs in epithelial cells, Wnt signaling pathway is activated and participates in " ancillary” AT2 stem cell progenitor cell activity (Nabhan et al., 2018). Wnt-reactive alveolar epithelial progenitor cells (AEP) in AT2 are a stable lineage during alveolar homeostasis, but rapidly expand to regenerate most of the alveolar epithelium after acute lung injury, showing stronger “stemness”. AEPs have a unique transcriptome, epigenome and functional phenotype, and specifically respond to Wnt and Fgf signaling (Zacharias et al., 2018). It has been believed that repetitive micro-injuries are a potential cause of AT2 depletion. However, the reduction of AT2 number in IPF lung supports the idea of stem cell exhaustion. In addition, aging, ERS and mitochondrial dysfunction play an important role in AT2 depletion and impaired self-renewal (Kropski and Blackwell, 2018; Borok et al., 2020; Parimon et al., 2020). Loss of Cdc42 in AT2s results in impaired differentiation, exposing alveolar cells to sustained elevated mechanical tension which activates a TGF-β signaling loop in AT2 cells in a spatially regulated manner, thereby promoting lung fibrosis progression from periphery to center (Wu et al., 2020).
Fibroblasts and Myofibroblasts
In IPF, pro-fibrotic mediators secreted by activated fibroblasts continue to act on fibroblasts to form a positive feedback, which leads to production of ECM and myofibroblast differentiation (Wipff et al., 2007). TGF-β is considered to be the primary factor that promotes fibroblast differentiation into myofibroblasts (Huang et al., 2020). Myofibroblasts secrete more ECM than fibroblasts. They are the main collagen-producing cells in the lung and are characterized by expression of contractile protein α-SMA and fibroblast activation protein (FAP) (Tsukui et al., 2020). FAP is a membrane-spanning protein that is essential for collagen remodeling. As FAP exhibits a low expression state in most healthy cells, it can be used as a molecular marker to exploit for specifically target drugs to fibroblasts that cause fibrosis (Hettiarachchi et al., 2020).
In the normal wound healing process, unwanted fibroblasts are eliminated by activating the apoptotic pathway. The elimination mechanism of fibroblasts limits the ongoing matrix deposition and fibrosis (Desmouliere et al., 1995). In IPF, myofibroblasts were found to resist FAS ligand-induced apoptosis and have stronger proliferation ability when grown on polymerized collagen (Xia et al., 2008; Nho et al., 2011). FasL, Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and Cav-1 protein expression in these cells decreased, while AKT activity increased (Hohmann et al., 2019). In addition, myofibroblast contraction is irreversible, which contribute to regulate the remodeling of collagen, trigger the spatial structural reorganization of collagen fibrils, increase their mechanical stress, and stiffen the ECM (Zhou et al., 2020). Periostin is highly expressed in IPF lungs. Further studies have found that in lung fibroblasts, periostin/integrin αVβ3 can promote expression of cell cycle-related molecules, including cyclins, cyclin-dependent kinases (CDKs) and E2F families, and transcription factors (such as B-MYB and FOXM1), which play a vital role in the proliferation of lung fibroblasts (Yoshihara et al., 2020).
Basal Cells
An important feature of epithelial cell remodeling in IPF is the expansion of distal basal cells, which can serve as stem/progenitor cells of the pseudostratified epithelium of the lung. In the cellular area of IPF, secretory sensitized basal cells (SPB) are enriched, and the formation and secretion function of its subpopulations are regulated by Notch signal. Specifically, NOTCH2 restricts the differentiation of basal cells, while NOTCH3 can inhibit secretory differentiation (Carraro et al., 2020). In addition, RNA-seq analysis for IPF indicates that expression of LncRNA MEG3 in basal cells increased. MEG3 plays a role in abnormal epithelial cell differentiation in IPF and regulates epithelial cell migration related genes including TP63, STAT3, KRT14, YAP1 and AXL, which together contribute to the restructuring of IPF (Gokey et al., 2018). Milena S et al. confirmed that MMP9 expressed by airway base cells (ABC) in IPF was significantly increased and regulated by TGF-β pathway. When targeting MMP9, the anti-fibrotic effect is related to the reduction of TGF-β activation in a subgroup of IPF patients, which reveals an association with expression of type 1 IFN in ABC-like cells (Espindola et al., 2021).
Growth Factors
There is overwhelming evidence in support of a key role of TGF-β in the pathogenesis of IPF (Huang et al., 2020). TGF-β promotes epithelial-mesenchymal transition, epithelial cell migration, fibroblast proliferation, activation, and differentiation into myofibroblasts (Figure 1). TGF-β can also increase the production of other fibrotic mediators and pro-angiogenic mediators (Grimminger et al., 2015; Song et al., 2020). TGF-β is synthesized as a latent complex by binding to the latency-related peptide (LAP), which covalently binds to the ECM protein (Biernacka et al., 2011). Latent TGF-β can be activated by a range of factors, including ανβ6 integrin (John et al., 2020). In IPF, expression of ανβ6 in alveolar epithelial cells is increased, which binds to LAP to induce TGF-β activation (Jenkins et al., 2006). Once activated, TGF-β binds to its receptors and stimulates phosphorylation of transcription factor Smad3. Phospho-Smad3 interacts with Smad4 to form a complex which translocates into the nucleus to induce expression of target genes, including profibrotic genes such as α-SMA, CTGF and ECM major collagen 1A1 (COL1A1) (Biernacka et al., 2011; Massague, 2012). Interestingly, the expression of negative-regulating factor tripartite motif 33 (TRIM33) of TGF-β/SMAD in IPF increased. TRIM33 is an E3 ubiquitin ligase, which can promote SMAD4 ubiquitination and induce SMAD4 to export from the nucleus, thereby inhibiting transcriptional activity of SMADs. However, the combination of TRIM33 and small heat shock protein (HSPBS) weakened its inhibitory activity. The upregulation of TRIM33 may be regarded as a failed attempt to prevent the progression of fibrosis in IPF and lung fibrosis models (Boutanquoi et al., 2020).
CTGF, also known as cellular communication network factor 2 (CCN2), is an important mediator of organ fibrosis in human body (Falke et al., 2020; Wang et al., 2019). It is considered to be a predictor of pulmonary fibrosis disease and a potential target for anti-fibrosis therapy (Leask, 2011). CTGF is secreted and activated under stimulation of TGF-β. CTGF mediates lung matrix deposition and fibroblast differentiation by activating downstream MAP kinase pathway (Duncan et al., 1999; Inui et al., 2021). In addition, CXCL12 can also induce the expression of CTGF in human lung fibroblasts by activating the MEKK1/JNK signaling pathway (Lin et al., 2018). Studies have found that gene promoter of CTGF contains numerous transcription factor binding sites such as NF-κB, signal transducer and activator of transcription (STAT), activator protein-1 (AP-1) and SMAD (Lin et al., 2018), indicating these factors may affect IPF through CTGF.
PDGF is widely expressed in macrophages, platelets, endothelial cells and fibroblasts (Hewlett et al., 2018). Highly expressed PDGF can be detected in BALF of IPF patients and bleomycin-induced IPF model mice (Phan et al., 2021). The abnormal expression and signal transduction of PDGF ligands and receptors have been confirmed to be closely related to IPF. In IPF, TGF-β signaling promotes expression of PDGF-B through regulatory T cells (Tregs), thereby stimulating PDGF-B-mediated fibroblast proliferation and migration (Kanaan and Strange, 2017; Kishi et al., 2018).
Insulin-like growth factor (IGF1) is a key molecule that regulates cellular senescence (Duran-Ortiz et al., 2021). As mentioned above, senescence has been identified as an important reason for the weakened repair function of AT2s in IPF. Under pathological conditions, ATs release IGF1, which activates the surface of adjacent normal ATs. IGF receptor (IGFR-1), and further activate the PI3K/AKT signaling pathway, and participate in ATs senescence and IPF by releasing CTGF, TGF-β1 and MMP9 (Sun et al., 2021).
MOLECULAR MECHANISMS
Extracellular Matrix Deposition
The massive deposition of extracellular matrix in IPF is mainly involved in changes in two families of proteins: MMPs and tissue inhibitors of metalloproteinases (TIMPs) (Figure 1). Studies have found that expression levels and localization of MMP and TIMP in IPF lungs undergo substantial changes. The levels of MMP1, MMP2, MMP9 and the four TIMPs are up-regulated. Among them, MMP1 is more common in alveolar macrophages and epithelial cells, while TIMP is highly expressed by myofibroblasts in IPF fibroblastic foci (Betensley et al., 2016). The extracellular matrix of IPF can also change transcriptional profile of lung fibroblasts and affect the translation of ECM proteins, such as COL1A1, COL1A2, COL3A1, COL5A2, COL4A2, MMP2, MMP3, MMP10 and TIMP2 (Zolak and de Andrade, 2012). Together, these findings suggest that there is a positive feedback pathway between fibroblasts and abnormal ECM, in which the fibrotic extracellular matrix is both the cause and the result of fibroblast activation (Guiot et al., 2017).
Matrix Stiffness and Scaffolding
Matrix stiffening is a prominent feature of lung fibrosis. Compared with healthy lung scaffolds, IPF scaffolds increase tissue stiffness, density, ultimate force, and differential expressions of matrisome proteins (Figure 1). The collagen, proteoglycan and ECM glycoprotein in the IPF scaffold increased, but specific basement membrane (BM) proteins (such as laminins and collagen IV) were decreased, while nidogen-2 was increased, accompanied by periostin and proteoglycans production were increased (Elowsson Rendin et al., 2019). The increased stiffness of ECM tissue is a result of dysregulated collagen cross-linking, which is related to post-translational modification of collagen involved in lysyl oxidase-like (LOXL) 2 and LOXL3 (Jones et al., 2018). ECM stiffness participates in the pathogenesis of IPF. Accumulating evidence indicates that mechanical interactions between fibroblasts and the stiffened ECM provide a feedforward mechanism that sustains and/or perpetuates pulmonary fibrosis (Zhou et al., 2013).
In previous study, we demonstrated that matrix stiffness regulates the ability of fibrotic lung myofibroblasts to invade the BM, by increasing α6-expression, mediating MMP-2-dependent pericellular proteolysis of BM collagen IV. Genetic ablation of α6 in collagen-expressing mesenchymal cells or pharmacological blockade of matrix stiffness-regulated α6-expression protects mice against bleomycin injury-induced experimental lung fibrosis. Studies found that a mechanotransduction pathway involving Rho/Rho kinase (Rho/ROCK), actin cytoskeletal remodeling, and a mechanosensitive transcription factor, megakaryoblastic leukemia 1 (MKL1), that coordinately regulate myofibroblast differentiation, and pharmacologic disruption of this pathway with the ROCK inhibitor fasudil induced myofibroblast apoptosis through a mechanism involving downregulation of BCL-2 and activation of the intrinsic mitochondrial apoptotic pathway (Zhou et al., 2013). Recently, we have shown that mouse double minute 4 homolog (MDM4) is a matrix stiffness-regulated endogenous inhibitor of p53. MDM4 is highly expressed in the fibrotic lesions of human IPF and experimental pulmonary fibrosis in aged mice. Our studies provides evidence that mechanosensitive MDM4 is a molecular target with promising therapeutic potential against persistent lung fibrosis associated with aging (Qu et al., 2021). Moreover, ECM stiffness is sensitive to exogenous TGF-β stimulation through inhibiting the interaction of inner nuclear membrane protein LEM domain-containing protein 3 (LEMD3) and SMAD2/3. LEMD3 is physically connected to the actin cytoskeleton of cells and inhibits TGF-β signaling (Chambers et al., 2018). At the metabolic level, increased matrix stiffness impairs the synthesis of anti-fibrotic lipid mediator PGE2 and reduces expression of rate-limiting prostaglandin biosynthetic enzyme cyclooxygenase 2 (COX-2) and prostaglandin E synthesis (PTGES) through p38/MAPK signaling pathway (Berhan et al., 2020). Genome-wide association studies (GWASs) have identified DSP (desmoplakin) gene, a type of intercellular junction responsible for maintaining the structural integrity and mechanical stability of the epithelium, as a significant locus associated with IPF (Fingerlin et al., 2013; Mathai et al., 2016; Allen et al., 2017; Tasha E). Our studies demonstrated that matrix stiffness regulates DSP gene expression by an epigenetic mechanism involving alteration of DNA methylation in the DSP promoter. Targeted DNA methylation by CRISPR (clustered regularly interspaced short palindrom2076295ic repeats)/dCas9 (deactivated CRISPR-associated protein-9 nuclease)-mediated epigenome editing effectively reverses stiff matrix-induced DSP overexpression (Qu et al., 2018). We speculate that aberrant DSP expression in IPF may not only represent a robust and persistent epithelial response to chronic/repetitive lung injury but also actively participate in aberrant lung repair and/or the restoration of lung epithelial function (Qu et al., 2018). In addition, studies have identified that rs2076295 (an intron variant in DSP gene) was related to IPF susceptibility and directly regulated DSP expression in human airway epithelial cells. Deletion of DSP enhances expression of extracellular matrix-related genes such as matrix metalloproteinases 7 (MMP7) and MMP9 and promotes cell migration (Hao et al., 2020). For IPF patients with DSP alleles and MUC5B alleles, the mortality rate is lower, and anti-fibrosis drugs are more effective in treatment (Doubkova et al., 2021). These studies indicate that targeting mechanosensitive signaling in myofibroblasts may be an effective approach for treatment of fibrotic disorders.
Endoplasmic Reticulum Stress
Endoplasmic reticulum stress (ERS) occurs when there is an imbalance between cell’s demand for protein synthesis and the ability of endoplasmic reticulum to synthesize, process, and package proteins. As ERS occurs, cells activate an UPR, which attempts to restore normal function of the endoplasmic reticulum. When ERS is persisting or severe, it triggers cell apoptosis (Kropski and Blackwell, 2018; Hipp et al., 2019). It has been observed that markers of UPR activation in AT2 in IPF patients are elevated (Kropski and Blackwell, 2018; Baek et al., 2020). ERS may synergize with inflammation and viral infection to induce epithelial cell damage (Chen T et al., 2019). In IPF, UPR stimulates the production of fibrotic mediators, such as TGF-β, PDGF (platelet-derived growth factor), CXCL12 (CXC chemokine 12), CCL2 (chemokine CC ligand 2) (Wolters et al., 2014; Kropski and Blackwell, 2018). The chaperone protein GRP78 (glucose regulatory protein 78) is the main regulator of ER homeostasis and suppresses UPR by interacting with transmembrane ER stress sensors. It is found that the expression of GRP78 in AT2 cells from old mice and IPF lungs decreased, while GRP78 knocked out will induce ERS, apoptosis and lung inflammation to promote fibrosis (Borok et al., 2020). Otherwise, thioredoxin domain containing 5 (TXNDC5), an ER protein enriched in fibroblasts, is highly up-regulated in fibroblasts from IPF lung/BLM-induced mouse and enhances TGF-β signaling by increasing and stabilizing TGF-beta receptor 1 (TGFBR1), while TGF-β promotes TXNDC5 expression via ATF6 ER stress pathway, forming a positive feedback loop (Lee et al., 2020). Mutations in the genes encoding surfactant proteins [surfactant protein C (SFTPC) and A2 (SFTPA2)] can lead to abnormal surfactant folding and ERS, and promote epithelial-mesenchymal transition (Mulugeta et al., 2015; Takezaki et al., 2019).
Inflammation and Immunity
The role of inflammation in the development of IPF remains controversial. In the early stage of alveolar injury, neutrophils are recruited into the injured sites, triggering an immune response by releasing pro-inflammatory cytokines and producing neutrophil elastase (NE) to exacerbate fibrosis (Le Saux and Chapman, 2018). Elevated IL-8 and G-CSF have been found in the bronchoalveolar lavage fluid (BALF) and sputum of IPF patients, suggestive of infiltration and activation of neutrophils (Figure 1). IL-8 promotes the development of fibrosis through elastase-mediated activation of TGF-β (Betensley et al., 2016; Guiot et al., 2017; Heukels et al., 2019). IL-24 and IL-4 can synergistically induce M2 program of macrophages, thereby promoting the development of lung fibrosis (Rao et al., 2021). IL17 secreted by Th17 cells can directly promote fibrosis. In acute exacerbation of pulmonary fibrosis, the levels of IL17 and IL23 are increased, and treatment with interleukin-23 antibody can significantly attenuate airway inflammation and fibrosis and reduce IL17 level, suggesting IL23 is essential for the development of acute exacerbation of pulmonary fibrosis (Senoo et al., 2021). Monocyte and macrophages drive fibrosis through excessive repair responses to alveolar cell injury. Compared with normal lungs, the subpopulation of macrophages that highly express SPP1 and MERTK (SPP1hi) and NTN1 (laminin-like protein netrin-1) increased significantly in IPF lungs. The highly proliferated SPP1hi macrophages upregulate the expression of type 1 collagen and MMP2 and contribute to tissue repair and fibrosis (Morse et al., 2019). It has been reported that macrophage-derived NTN1 drive the development of fibrosis through a mechanism involving remodeled adrenergic nerves and their secretory product noradrenaline and α1 adrenoreceptors (Gao et al., 2021). CCL2 and colony stimulating factor (M-CSF/CSF1) derived from monocytes/macrophages may have a direct fibrotic effect (Coward et al., 2010). Furthermore, recent studies have identified that immune cells in lung tissue predict the severity of IPF and participate in the progress of this disease, which can be used as a reference indicator (Wang Z et al., 2020).
Autophagy
Autophagic pathways (including macroautophagy and mitophagy) in IPF lung epithelial cells and fibroblasts are reduced, aggravating inflammation and fibrosis (Racanelli et al., 2018). Autophagy is involved in the regulation of ECM formation (Lin and Xu, 2020). Studies have shown that increasing autophagy clearance of type 1 collagen in lung fibroblasts can reduce invasiveness of IPF fibroblasts (Surolia et al., 2019). In addition, expression of the autophagy marker LC3B has been found to be significantly reduced in IPF lung fibroblasts (Ghavami et al., 2018). Specifically, the Akt signal pathway directly acts on FoxO3a to reduce its expression, further inhibiting production of autophagy marker LC3B on the collagen matrix, leading to excessive collagen accumulation (Im et al., 2015).
TREATMENTS
Recent research on pathogenesis of IPF has promoted notable advances in pharmacotherapeutic treatment. There are currently two recommended antifibrotic drugs, nintedanib and pirfenidone, have been shown to delay the progression of pulmonary fibrosis and reduce mortality, but there is still no cure for IPF (Cerri et al., 2019; Somogyi et al., 2019). Therefore, new treatment methods and drug targets are needed. Here we summarize some important novel drugs that have been tested in phase II-III trails (Table 1). The potential molecular targets of the drugs are also discussed. In addition, strategies of non-pharmacological treatment such as symptomatic support therapy, lung transplantation, comorbidities and management of acute exacerbation of IPF (AE-IPF) are believed to improve symptom control and quality of life (Caminati et al., 2019).
TABLE 1 | Drugs used in the treatment of Idiopathic pulmonary fibrosis (IPF).
[image: Table 1]Pirfenidone
Pirfenidone (PFD) is a pharmacological compound for IPF treatment (Flaherty et al., 2019). PFD treatment can reduce all-cause mortality and risk of hospitalization, and benefit patients with advanced pulmonary fibrosis (Nathan et al., 2019). The mechanism of PFD treating IPF is currently unclear. PFD can inhibit TGF-β-mediated fibroblast proliferation and differentiation of fibroblasts into myofibroblasts by attenuating signal transduction induced by TGF- β1/Smad3 (Molina-Molina et al., 2018). In addition, PFD can also inhibit differentiation of myofibroblasts by regulating PDFG, a fibroblast mitogen receptor, but the specific mechanism is still unclear (Ruwanpura et al., 2020). Studies have found that PFD can resist the loss of E-cadherin, the main intermediary protein of A549 cell epithelial cell transformation induced by TGF-β, and pulmonary fibrosis in a rat model of silicosis, indicating that PFD can also inhibit epithelial cell transformation (Zhang Y et al., 2019). The oxidative stress process in lung diseases leads to irreversible oxidative modification of protein and DNA and mitochondrial dysfunction. PFD treatment can improve mitochondrial respiration, possibly by detoxifying mitochondrial peroxidase, such as glutathione peroxidase, thus revealing ability to maintain normal mitochondrial function (Plataki et al., 2019). Therefore, PFD’s anti-fibrosis effect may function through reducing the formation of reactive oxygen species and oxidative stress.
Nintedanib
Nintedanib is a triple tyrosine kinase inhibitor with anti-fibrotic effects. In IPF treatment, Nintedanib can reduce the decline of forced vital capacity (FVC) and inhibit progression of pulmonary fibrosis (Flaherty et al., 2019; Makino, 2021). In previous clinical treatments, its safety and tolerability were acceptable. The most common adverse reaction is gastrointestinal infection, manifested as diarrhea and nausea (Bendstrup et al., 2019). Nintedanib can block activation of PDGF receptor, fibroblast growth factor receptor, vascular endothelial growth factor receptor and Src family kinases. Its anti-fibrosis effect is achieved through a variety of mechanisms, including blocking differentiation from fibroblasts into myofibroblasts, inhibiting EMT, inflammation and angiogenesis (Liu F et al., 2019).
Combination Therapies
As mentioned above, pulmonary fibrosis is a complex pathological progression in which pathogenic factors activate complex fibrotic pathways in various cells (Schafer et al., 2020). Therefore, combined treatment of multiple drugs with different targets and mechanisms involved in IPF is of great significance, but adverse effects and tolerance also need attention. It is currently proven that the combination therapy of pirfenidone and nintedanib has controllable safety and tolerability (Vancheri et al., 2018). Although this study has no efficacy evaluation, it still provides a significant research direction for combination therapy of pulmonary fibrosis.
In a recent clinical phase 2b trial, patients with advanced IPF and pulmonary hypertension were treated with pirfenidone plus sildenafil for up to 52 weeks. Unfortunately, there was no therapeutic effect. (Behr et al., 2021). Furthermore, the combination therapy of nintedanib and sildenafil only has pronounced effects on IPF patients who have right heart dysfunction (RHD) (Behr et al., 2019). Combination treatment with inhaled N-acetylcysteine and pirfenidone for 48 weeks may lead to a worse prognosis of IPF (Sakamoto et al., 2021). These clinical trials indicate that combination therapies for pulmonary fibrosis still need to be explored for a long time.
Novel Therapies
Due to adverse effects of currently drugs for IPF and there is no effective cure, IPF research is increasingly focused on developing new molecular targets and treatment options. As mentioned above, CTGF is an important pro-fibrotic growth factor associated with extracellular matrix secretion and abnormal tissue repair (Yanagihara et al., 2021). A recent phase II clinical trial has confirmed that treatment of pamrevlumab, which is a fully human recombinant monoclonal antibody against CTGF, can significantly reduce the decline of FVC and attenuate the progression of IPF. And importantly, it is shown that pamrevlumab has good safety and tolerability which is expected to become a new anti-fibrotic drug (Richeldi et al., 2020). In addition, αvβ6 integrin is the key molecule for activating TGF-β. A selective small molecule RGD-mimetic αvβ6 inhibitor GSK3008348, which can bind to αvβ6 with high affinity in human IPF lung epithelial cells, induces αvβ6 internalization and degradation, and inhibits activation of downstream TGF-β. In the bleomycin-induced mouse lung fibrosis model, significantly reduce lung collagen deposition and serum C3M (a marker of IPF disease progression). At present, inhaled GSK3008348 is safe and well tolerated in phase 1 clinical trials, which may be helpful for development of anti-fibrosis drugs in the future (John et al., 2020).
CONCLUSION AND OUTLOOK
Idiopathic pulmonary fibrosis is an interstitial pulmonary disease with high mortality. It is associated with a large economic and healthcare burden. Genetic and epigenetic changes are important factors in the pathogenesis of IPF, although the definite cause of IPF has yet to be clarified. Our understanding of the pathogenesis of IPF have significantly improved in the past decade. In the last few years, the research progress of idiopathic pulmonary fibrosis has highlighted the important role of stem cell dysfunction and extracellular matrix in mediating lung pathological remodeling and promoting the process of fibrosis (Deng et al., 2020; Wu et al., 2020). Unfortunately, IPF has a very small number of treatments and is still not curable. Nintedanib and pirfenidone can slow the progression of the disease. However, adverse reactions limit their use (Spagnolo et al., 2018). A better understanding of the pathogenesis of IPF and the signal pathways will benefit the development of more effective drug therapies. Gene editing technology provides a promising tool for developing novel treatments for human diseases. CRISPR-mediated genome and epigenome editing may prove to be effective means for correction of abnormal gene expression associated with IPF, thus representing an important direction in the future research. In addition, recent dynamic research activities in IPF pathogenesis have led to the foundation of some novel treatment strategies and identification of therapeutic targets. Several targeted drugs have been further synthesized and developed, and currently under clinical trials. Some of these drugs have been confirmed their effectiveness and safe tolerance. They are expected to become new IPF specific drugs to improve progression of IPF and other fibrosis diseases in the near future.
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Empyema, a severe complication of pneumonia, trauma, and surgery is characterized by fibrinopurulent effusions and loculations that can result in lung restriction and resistance to drainage. For decades, efforts have been focused on finding a universal treatment that could be applied to all patients with practice recommendations varying between intrapleural fibrinolytic therapy (IPFT) and surgical drainage. However, despite medical advances, the incidence of empyema has increased, suggesting a gap in our understanding of the pathophysiology of this disease and insufficient crosstalk between clinical practice and preclinical research, which slows the development of innovative, personalized therapies. The recent trend towards less invasive treatments in advanced stage empyema opens new opportunities for pharmacological interventions. Its remarkable efficacy in pediatric empyema makes IPFT the first line treatment. Unfortunately, treatment approaches used in pediatrics cannot be extrapolated to empyema in adults, where there is a high level of failure in IPFT when treating advanced stage disease. The risk of bleeding complications and lack of effective low dose IPFT for patients with contraindications to surgery (up to 30%) promote a debate regarding the choice of fibrinolysin, its dosage and schedule. These challenges, which together with a lack of point of care diagnostics to personalize treatment of empyema, contribute to high (up to 20%) mortality in empyema in adults and should be addressed preclinically using validated animal models. Modern preclinical studies are delivering innovative solutions for evaluation and treatment of empyema in clinical practice: low dose, targeted treatments, novel biomarkers to predict IPFT success or failure, novel delivery methods such as encapsulating fibrinolysin in echogenic liposomal carriers to increase the half-life of plasminogen activator. Translational research focused on understanding the pathophysiological mechanisms that control 1) the transition from acute to advanced-stage, chronic empyema, and 2) differences in outcomes of IPFT between pediatric and adult patients, will identify new molecular targets in empyema. We believe that seamless bidirectional communication between those working at the bedside and the bench would result in novel personalized approaches to improve pharmacological treatment outcomes, thus widening the window for use of IPFT in adult patients with advanced stage empyema.
Keywords: empyema, fibrinolytic therapy, preclinical, treatment, animal model
USING MINIMALLY INVASIVE TREATMENTS FOR MORE ADVANCED-STAGE EMPYEMA: A NOVEL APPROACH
Empyema is a common, potentially life-threatening infection of the pleural space with several different etiologies (Franklin et al., 2021). The incidence and mortality of empyema appears to be increasing over the past 4 decades despite advances in modern medicine (Finley et al., 2008; Bender et al., 2009; Burgos et al., 2011; Grijalva et al., 2011; Burgos et al., 2013; Bedawi et al., 2018; Godfrey et al., 2019). The estimated sixty-five thousand cases of empyema that occur annually in the United States demonstrate a mortality between 10 and 27%, with greater likelihood of worse outcomes if initial treatment is unsuccessful (Chapman and Davies, 2004; Maskell et al., 2006; Porcel and Light, 2006; Koegelenberg et al., 2008; Ben-Or et al., 2011; Light, 2011; Abu-Daff et al., 2013; Reichert et al., 2017; Shen et al., 2017; Meyer et al., 2018; Semenkovich et al., 2018). Treatment of patients with empyema has been estimated to cost up to half a billion dollars per annum (Taylor and Kozower, 2012). The American Thoracic Society recognizes three sequential stages in the development of empyema (I) early exudative, (II) fibrinopurulent, and (III) organized. Although evacuation of pleural fluid and lung re-expansion can be achieved by thoracentesis in stage I, the increased fibrin deposition in the pleural space observed in stage II may require treatment with intrapleural fibrinolytic therapy (IPFT) or video-assisted thoracoscopic surgery (VATS). Treatment of patients with stage II empyema remains controversial in adults, with pharmacological and surgical approaches being used contingent on practitioner preference and hospital protocols. Stage III, which features a thick pleural rind and trapped lung, often requires open decortication of the lung via thoracotomy (Andrews, 1965; Light, 2011; Søgaard et al., 2014; Reichert et al., 2017; Reichert et al., 2018b; Reichert and Bodner, 2018; Semenkovich et al., 2018; Godfrey et al., 2019). The presence of pleural thickening on chest computed tomography (CT) coupled with fever could indicate severe, organizing empyema (Stefani et al., 2013). Patients with empyema complicated by lung abscess have a higher risk of failure with surgical intervention and a higher rate of mortality (23% compared to 14%) (Huang et al., 2010). Notably, VATS was recently shown to be effective in treatment of stage III empyema in adult patients (Hajjar et al., 2016; Aljehani and Alabkary, 2018; Reichert et al., 2018a; Reichert et al., 2018b; Semenkovich et al., 2018), where thoracotomy with decortication of visceral pleura had previously dominated. Thus, the shift from a more invasive surgical approach for stage III empyema towards VATS becomes feasible. A trend towards less invasive procedures to treat stage II/III empyema in combination with the recently reported equal efficacy of VATS and IPFT (Ohara et al., 2018; Samancilar et al., 2018; Kermenli and Azar, 2021) opens a window of opportunity to expand the use of pharmacological treatment in advanced stage empyema.
TREATMENT OF PEDIATRIC EMPYEMA WITH MINIMAL MORTALITY: AN EXAMPLE OF THE TREND
IPFT is particularly effective in pediatric patients with empyema (de Benedictis et al., 2000; Thomson et al., 2002; Barbato et al., 2003; Barnes et al., 2005; Sonnappa et al., 2006; Sonnappa and Jaffe, 2007; Bianchini et al., 2010; Stefanutti et al., 2010; Abu-Daff et al., 2013; Israel and Blackmer, 2014; Nie et al., 2014; Coelho et al., 2016; James et al., 2017; Livingston et al., 2017). In sharp contrast to adults, retrospective studies of VATS in pediatric patients with empyema (Avansino et al., 2005; Chibuk et al., 2011; Cohen et al., 2012; Cohen et al., 2013), showed minimal mortality (n = 101) (Chen et al., 2009). While there is still a debate regarding whether VATS is more expensive than IPFT (Sonnappa et al., 2006; Cohen et al., 2008; St Peter et al., 2009) or not (Shah et al., 2010; Derderian et al., 2020), the latter is advocated for by some as the preferred initial treatment of empyema in pediatric patients (Livingston et al., 2016b; Derderian et al., 2020). IPFT in pediatric practice is remarkably effective but still empiric. IPFT with single chain tissue-type plasminogen activator (tPA, Alteplase) was more effective than saline irrigation (Hanson et al., 2015). Meta-analysis (Pacilli and Nataraja, 2018) and multiple studies have demonstrated equivalent efficacy between VATS and IPFT with urokinase (uPA) (Sonnappa et al., 2006; Marhuenda et al., 2014; Sonnappa, 2015; Pacilli and Nataraja, 2018) or tPA (St Peter et al., 2009; Livingston et al., 2016b) in treatment of empyema in pediatric patients. As a result, IPFT is recommended as the first line treatment for empyema in pediatrics (St Peter et al., 2009; Kobr et al., 2010; Stefanutti et al., 2010; Slaats et al., 2019; Baram and Yaldo, 2020; Livingston et al., 2020). Further studies of treatment with tPA (4 mg) alone or with DNase (Dornase; 5 mg) in empyema in pediatric patients (n = 97; sequential injection, 1 h apart) demonstrated that DNase does not improve the efficacy of tPA (Livingston et al., 2017; Livingston et al., 2020). While there are gaps in our understanding, the differences between empyema in adults and children, including a low mortality in the latter favors applying minimally invasive pharmacological treatment as the first option. Preclinical studies may further assist in closing this gap in our knowledge of age-dependent progression of empyema.
TREATMENT OF ADVANCED STAGE EMPYEMA IN ADULTS CANNOT BE EXTRAPOLATED FROM PEDIATRIC RESEARCH
Multiple recent clinical trials have demonstrated the efficacy of IPFT in adult patients with empyema (Thommi et al., 2007; Rahman et al., 2011; Thommi et al., 2012; Popowicz et al., 2014a; Popowicz et al., 2014b; Nie et al., 2014; Piccolo et al., 2014; Piccolo et al., 2015; Barthwal et al., 2016; Majid et al., 2016; Mehta et al., 2016; Vial et al., 2016; Bishwakarma et al., 2017; Popowicz et al., 2017; Beckert et al., 2019; Godfrey et al., 2019). However, the strikingly higher mortality in adults does not allow for extrapolation of treatment strategies used in pediatrics and speaks to the imperative for preclinical studies focused on the mechanisms governing development and resolution of empyema in adults. Advanced stage empyema is considered a risk factor for failure of IPFT (Himelman and Callen, 1986); (Moulton et al., 1995; Temes et al., 1996). Patients that present with extensive loculation, lung abscess, and pleural thickening are more likely to fail IPFT (Davies et al., 1999; Thommi et al., 2007; Chen et al., 2016; Khemasuwan et al., 2018) and require surgical intervention (Davies et al., 1999; Maskell et al., 2005; Thommi et al., 2007). On the other hand, a randomized, double blinded trial demonstrated that Alteplase (25 mg/100 ml, 1 h clamp, suction after second hour, daily up to 3 days) was both more effective than placebo (95 and 12%, respectively) and safe (Thommi et al., 2012). While meta-analyses also have revealed the advantages of IPFT over placebo there is still controversy regarding what constitutes optimal therapy (Janda and Swiston, 2012). Thus, in contrast to pediatric practice, there is insufficient data to recommend routine use of IPFT in adults. Notably, a meta-analysis did not find a statistically significant difference in mortality between surgical and non-surgical management of pleural empyema, with VATS potentially associated with a shorter hospital stay (Kwon, 2014; Redden et al., 2017; Chong et al., 2021). High-risk subsets of adults with empyema, such as pregnant patients, often have markedly limited data available regarding the safety and efficacy of IPFT. Systemic fibrinolytics have been used in pregnant patients with life-threatening or potentially debilitating conditions such as ischemic stroke, myocardial infarction, and venous thrombotic events, with no apparent increase in complications from that observed in non-pregnant adults (Leonhardt et al., 2006). The few publications available concur that likewise, IPFT is effective and can be safely used in pregnancy, but should be used on a case-by-case basis given the lack of clinical trials and limited data regarding possible fetal complications (Torbic et al., 2017; Dikensoy et al., 2018; Amariei et al., 2019; Nasralla et al., 2021). Thus, we propose that preclinical studies with appropriate animal models can inform the limits of IPFT and enhance the design of clinical trials aimed to improve the treatment of advanced stage empyema in adults.
THE MIST2 PROTOCOL: ATTEMPTS AT REVISION REFLECT THE FAILURE OF A “ONE DOSE FOR ALL” CONCEPT
Over the past decade, cost effective (Asciak et al., 2019) IPFT with a combination of tPA and deoxyribonuclease (DNase) (Dornase), as demonstrated in the Multicenter Intrapleural Sepsis Trial 2 (MIST2) (Rahman et al., 2011), has been broadly embraced as IPFT for empyema (Abu-Daff et al., 2013; Popowicz et al., 2014a; Popowicz et al., 2014b; Israel and Blackmer, 2014; Piccolo et al., 2014; Piccolo et al., 2015; Majid et al., 2016; Bishwakarma et al., 2017; Majid et al., 2017; Popowicz et al., 2017; Innabi et al., 2018; Kheir et al., 2018; Fitzgerald et al., 2019; Fitzgerald et al., 2021). A recent expert consensus statement (Chaddha et al., 2021) described the level of severity of empyema that should be treated with tPA/DNase injected concurrently, appropriate dosing (10/5 mg, respectively), dwelling time, dose schedule (twice a day), and an algorithm for IPFT, thus re-establishing a universal “one for all” treatment approach to empyema based on the MIST2 protocol. On the other hand, there have been multiple calls for optimization of the MIST2 strategy (Chan et al., 2018) by adjusting the doses of tPA and DNase (Innabi et al., 2018; Hart et al., 2019), dosing schedule (Majid et al., 2016; Mehta et al., 2016; Majid et al., 2017), and the use of plasminogen activators other than tPA (Alemán et al., 2015; Beckert et al., 2019; Bédat et al., 2019), which may indicate growing concerns regarding MIST2 protocol-based IPFT among clinicians. Dose de-escalation studies in patients in Australia were designed to determine a “minimal effective dose” of the drug in humans, with the goal of decreasing side effects such as bleeding (Popowicz et al., 2017). Other approaches were assessed in an attempt to increase the safety and efficacy of the MIST2 (Rahman et al., 2011) protocol, including increasing the dose of DNase with a concurrent decrease in tPA (Innabi et al., 2018), increasing dosing intervals (once a day Alteplase/DNase for 3 days, n = 55; 92.7% success) (Mehta et al., 2016), the use of tPA alone (Majid et al., 2016), and the administration of Alteplase and DNase concurrently (Majid et al., 2017). A 5-year analysis of complex pleural fluid collections (n = 103; 82 empyema) treated with Alteplase alone (6 mg daily) demonstrated the high efficacy of this treatment (need for surgery 7.3%, mortality 17.1%) (Heimes et al., 2017). A second 5-year observational study reported 83% efficacy for Alteplase in complicated pleural effusions (CPE) and 62.7% in empyema (n = 88 and 14, respectively) (Barthwal et al., 2016). Alteplase alone in doses between 10 and 100 mg daily (n = 120) was successful in 85% of empyema cases (Thommi et al., 2007). However, even high doses of Alteplase often failed in advanced stage empyema (Thommi et al., 2007). These reports indicate uncertainty in the clinical field regarding the optimal treatment of empyema in adults, invalidating the current concept that one dose can treat everyone and supporting further studies on a personalized approach to pharmacological management of empyema in adults. Thus, preclinical studies with validated models of advanced stage empyema could answer several fundamental questions: 1) which stages of empyema can best be treated with IPFT, 2) what the relationship between the “minimal effective dose” and disease severity is, and 3) is there one “minimal effective dose” that can be used for all patients with empyema or should the dose and dosing schedule be personalized for each patient.
BLEEDING COMPLICATIONS: COMPARISON OF THE EFFICACY AND SAFETY OF TPA AND UPA
Bleeding and treatment failure necessitating surgical intervention are the two major adverse events that have been reported when Alteplase IPFT is used alone or in combination with DNase (Froudarakis et al., 2008; Rahman et al., 2011; Piccolo et al., 2014; Alemán et al., 2015; Majid et al., 2016; Mehta et al., 2016; Jiang et al., 2020). Notably, the frequency of bleeding complications differs between clinical centers that are experienced with the MIST2 protocol (0–5.4%) (Rahman et al., 2011; Piccolo et al., 2014; Majid et al., 2016; Mehta et al., 2016), and those still trying to adopt it (up to 12–16%) (Alemán et al., 2015; Jiang et al., 2020), likely indicating the importance of procedural experience rather than the effect of dose of tPA (Skeete et al., 2004; Thommi et al., 2007). In contrast to the MIST2 protocol, treating patients (n = 48) with urokinase (two-chain, 100,000 IU daily for up to 6 days) demonstrated similar efficacy (97%) without bleeding complications (Alemán et al., 2015). Interestingly, urokinase appears to be more effective than tPA in patients with non-purulent complicated parapneumonic pleural effusions (Nie et al., 2014). Additionally, treatment with urokinase is associated with a lower likelihood of subsequent surgery when compared to IPFT with either tPA or streptokinase (Nie et al., 2014). Finally, direct comparison between tPA/DNase and urokinase has shown equal efficacy, albeit with a lower incidence of hemothorax with the latter (Bédat et al., 2019). Recent comparisons of IPFT with placebo have found that, while IPFT decreased the need for surgical intervention and overall failure of pleural fluid drainage, treatment with Alteplase versus urokinase was associated with a higher risk of bleeding (Altmann et al., 2019). The authors highlight the importance of considering disease severity when comparing different studies (Altmann et al., 2019). These observations agree with the results of a recent phase 1 trial using single chain urokinase (scuPA) (Beckert et al., 2019). It is not clear why urokinase and Alteplase demonstrate different efficacy in empyema in adults, while the former is successful in pediatric practice. Therefore, translational studies may help to understand whether urokinase is superior to tPA alone (Idell et al., 2007; Komissarov et al., 2013; Komissarov et al., 2016) or in combination with DNase, or if dose and choice of plasminogen activator should be personalized. Thus, clinical trials can be best informed by preclinical testing to define approaches to selecting treatment strategies that would account for disease severity as well as overall patient health and comorbidities. Targeting the mechanisms of a serpin, plasminogen activator inhibitor 1 (PAI-1), with monoclonal antibodies (mAbs) or a small Docking Site Peptide (DSP) resulted in an up to eight fold decrease in the effective bolus dose of plasminogen activator in rabbit models of chemically induced pleural injury and acute streptococcal empyema (Florova et al., 2015; Florova et al., 2018; Florova et al., 2021) without an increase in bleeding. Thus, PAI-1-targeted fibrinolytic therapy (PAI-1-TFT) aiming to support effective intrapleural fibrinolysis with low doses of tPA or uPA could become a novel approach to increasing the efficacy of treatment and decreasing the risk of bleeding complications in patients with empyema. Further preclinical studies of novel adjuncts and adjunct combinations for PAI-1-TFT would result in a novel, low-dose, well-tolerated treatment tractable in clinical settings.
A CALL FOR NOVEL APPROACHES TO ASSESS THE LIKELIHOOD OF SUCCESS OF IPFT
While patient mortality is negligible, the rate of IPFT failure in pediatric empyema remains around 15% (Sonnappa et al., 2006; St Peter et al., 2009; Livingston et al., 2016b; Long et al., 2016; Derderian et al., 2020). Defining reliable molecular predictors of treatment failure (Arnold et al., 2012020; Derderian et al., 2020; Khemasuwan et al., 2018; Livingston et al., 2016a) would therefore likely increase the efficacy of IPFT as a therapy for empyema in pediatrics. The striking difference in the efficacy of IPFT in adult and pediatric patients with empyema abrogates the possibility of applying successful pediatric treatments to adults. Moreover, biomarkers to identify patients in whom IPFT is likely to fail may not be equally successful in both populations. While clinicians acknowledge the importance of rapid diagnosis and treatment selection in advanced stage empyema, to the best of our knowledge there is currently no assay or procedure capable of predicting the likelihood of successful IPFT. Rapid diagnosis and staging of empyema and the choice of the most effective treatment could be critical for successful outcomes (Petrakis et al., 2010; Stefani et al., 2013; Reichert et al., 2017; Reichert and Bodner, 2018; Semenkovich et al., 2018). Prolonged delays between diagnosis and treatment may result in exacerbation of the empyema and necessitate more invasive treatment (Stefani et al., 2013).
IPFT activates endogenous plasminogen and is less effective in patients with plasminogen deficiency due to low expression, degradation, or imbalance in inhibitors. A hereditary or inflammation-induced plasminogen deficiency or overexpression of serpins (Mingers et al., 1999; Mehta and Shapiro, 2008; Martin-Fernandez et al., 2016; Prabhudesai et al., 2017; Saes et al., 2019; Tenbrock et al., 2019; Hangul et al., 2021) could affect the rate of fibrinolysis and thus outcomes of IPFT. Notably, while modern diagnostic approaches can evaluate the severity of empyema, they cannot assess the patient’s fibrinolytic system and determine whether IPFT could be a tractable approach. Unfortunately, neither Light’s Criteria (Light et al., 1972; Light, 1995; Light, 2013) nor current imaging diagnostic modalities–ultrasonography (Ramnath et al., 1998; Gates et al., 2004; Calder and Owens, 2009; Rahman et al., 2010) and chest CT (Kearney et al., 2000; Calder and Owens, 2009), can define optimal treatment and predict therapeutic outcomes (Kearney et al., 2000; Calder and Owens, 2009). Recent attempts to use artificial intelligence to predict the results of IPFT are still in an early stage (Khemasuwan et al., 2018; Ost, 2018; Khemasuwan et al., 2020). A RAPID score (Rahman et al., 2014) was developed to identify high-risk adults with empyema based on the degree of Renal impairment, Age exceeding 70 years, presence of Purulent pleural fluid, hospital-acquired Infection, and insufficient Diet (low albumin). Interestingly, patients with non-purulent pleural effusions had increased morbidity using this scoring system. This system can be used to stratify patient populations for comparability in clinical trial testing of different forms of IPFT or other interventions. A recent validation study demonstrated that the 3-months mortality increases from 2.3 to 29.3% with an increase in RAPID score from 0 to 2 to 5–7 (Corcoran et al., 2020). However, while high RAPID score is associated with higher 3-months mortality in adults (Corcoran et al., 2020; Touray et al., 1962018; White et al., 2015), it is not applicable for pediatric patients and does not identify patients that may be poor candidates for IPFT in any group. Identifying whether IPFT, VATS or other surgical options are the optimal treatment for a given patient remains challenging (Petrakis et al., 2004). Although a recently proposed algorithm focuses on surgical treatment for stage II and III empyema in adults (Reichert et al., 2017), the authors acknowledge a gap in our understanding regarding selection of optimal treatments and a lack of randomized, prospective clinical trials on catheter-directed IPFT versus minimally invasive surgery for such patients. Current biochemical tests and imaging techniques cannot assess the fibrinolytic system of a patient and inform on likely prognosis if they were offered IPFT or surgery, thus calling for the development of novel approaches to assist in treatment selection.
A NEW POINT OF CARE TEST FOR PREDICTING THE OUTCOME OF IPFT
A novel biomarker, Fibrinolytic Potential (FP) was identified in preclinical studies and may address this issue (Florova et al., 2015; Komissarov et al., 2016; Idell et al., 2017; Florova et al., 2018; Beckert et al., 2019; Florova et al., 2021). Plasminogen accumulates in the pleural fluid of patients with empyema due to inhibited plasminogen activation. Consequently, fibrinolytic activity (FA0) in sampled pleural fluids increases dramatically with ex vivo supplementation with a plasminogen activator (FAPA), mimicking IPFT. Thus, FP, which is defined as the incremental change in fibrinolytic activity in pleural fluids at presentation induced by introducing an exogenous plasminogen activator (FAPA-FA0) accounts for much of the variability caused by individual parameters that affect fibrinolytic activity during IPFT, including levels of expression and degradation of plasminogen, other fibrinolytic proenzymes and enzymes, as well as inhibitors of fibrinolysis other than PAI-1. FP varies in humans by up to two orders of magnitude (Florova et al., 2015; Komissarov et al., 2016; Beckert et al., 2019). Low FP in pleural fluid—for example, due to low levels of expression or significant degradation of plasminogen, would predict IPFT failure in an individual (Beckert et al., 2019) and support surgery as the preferred intervention. FP is equally applicable to both adult and pediatric populations. Thus, the FP of pleural fluid sampled from a patient with empyema could become a prognostic biomarker to assist in informed decision making, with the value of FP associated with the probability of successful IPFT. Preclinical development and validation of a novel FP point-of-care test (POCT) that could differentiate between cohorts of patients that are candidates for IPFT (relatively high FP) and those in need of surgical intervention (low or undetectable FP), offers a paradigm shift in treatment of empyema. We posit that assessing FP can decrease the frequency of IPFT failure, morbidity and mortality, as well as overall cost of treatment for empyema, thereby becoming a critical element that contributes to decision making in personalized treatments. Confirmation awaits clinical trials, but the development of new diagnostics that can assess the suitability of a patient for IPFT is desirable and could potentially optimize therapy for individual patients with empyema.
PATIENTS WITH ADVANCED-STAGE EMPYEMA AND SURGICAL CONTRAINDICATIONS CONTRIBUTE DRAMATICALLY TO THE RATES OF MORTALITY AND TREATMENT FAILURE
Surgery, whether VATS or pleural decortication, in advanced stage empyema (Bouros et al., 2002; Petrakis et al., 2004; Petrakis et al., 2010; Di Napoli et al., 2014; Majeed et al., 2021) could be considered a universal treatment option. VATS is a less invasive surgical approach to treat empyema in both adult and pediatric patients (Chambers et al., 2010; Petrakis et al., 2010; Scarci et al., 2011). Notably, the success rate (60–100%) and mortality (0–13%) of VATS for the treatment of stage II/III empyema has not changed over the last 20 years (Cassina et al., 1999). While studies of different approaches to managing parapneumonic effusions published 20 years ago indicated that surgery is associated with the lowest mortality (2%), followed by IPFT and VATS (4.5 and 5%, respectively) (Colice et al., 2000), they did not mention a dramatic difference between candidates for surgery and patients that have contraindications. There was a significant difference in the age between cohorts of patients that were treated surgically and those who were not. Multiple studies demonstrate that the age of patients could be considered an integral factor associated with contraindications to surgery, which is also related to mortality rates. Retrospective analysis of 4,424 patients (1987–2004) has shown a 2.8% annual rise in the incidence of empyema, with the fraction of patients requiring surgery increasing from 42.4 to 58.4%. Thirty-day mortality was higher in patients that were not treated surgically (16.6 versus 5.4%), and patients treated surgically were on average 10 years younger and with a lower comorbidity index (Farjah et al., 2007). For example, the incidence of empyema in Denmark (1997–2011; n = 6,874 (Søgaard et al., 2014)) increased by 26% for all patients, and by 87.3% for those older than 80 years. In that same timeframe, the mortality was 1.2% in 15 to 39-year-old patients and 20.2% in those older than 80 years of age. Thus, advanced age and comorbidities remain prognostic factors, and empyema continues to be a serious concern. Recent analysis of records of patients with empyema from the New York Inpatient Database (2009–2014; n = 4,095) that underwent chest tube drainage (n = 1,563), VATS and drainage (n = 1,313), and open decortication and drainage (n = 1,219) (Semenkovich et al., 2018), revealed higher mortality and readmission rates in the first group, suggesting that some of these patients would benefit from surgical intervention. However, the chest tube only cohort was significantly older than patients that underwent surgery (average 64 versus 56 and 57 years old; p < 0.001). Moreover, these patients had significantly higher (p < 0.001) rates of serious comorbidities such as congestive heart failure, septicemia, shock, coagulopathy, chronic anemia, cancer, as well as issues with pulmonary circulation, cardiac valve defects, peripheral vascular disease, chronic pulmonary disease, and renal disease. Thus, poorer outcomes in the first group were expected. While surgery is recommended when treating advanced stage empyema, there are several issues that affect morbidity and mortality when using a surgical approach. First, not every patient is fit for even minimally invasive surgery and thus, they undergo “non-surgical drainage” of pleural fluid. An example of such management could be found in the retrospective analysis of the survival of patients that underwent surgical and non-surgical approaches. The median age of patients referred to thoracoscopic surgery (n = 417) was almost a decade younger than those provided with non-surgical drainage (n = 185), 55.9 and 65.3 years, respectively (p < 0.001). Also, the non-surgical group had higher rates of comorbidities such as malignancy, malnutrition, liver cirrhosis and culture-positive pleural fluid (p ≤ 0.013). These indices clearly reflect the difference between patients with empyema that can and cannot be managed surgically, and could contribute to the higher mortality observed in the latter group (24.9 versus 7.5%; p = 0.001) (Chen et al., 2014). For patients with both advanced age and comorbidities who may be unwilling to undergo surgical intervention due to increased risks or contraindications, chest tube drainage remains the only option. This cohort of patients would benefit the most from the development of novel, well-tolerated, less invasive treatment approaches.
RECENT APPROACHES TO TREAT EMPYEMA PATIENTS WITH SURGICAL CONTRAINDICATIONS
A small (n = 8) study of non-surgically treated patients with advanced stage empyema and a non-expandable lung, that is likewise associated with failure of IPFT (Huggins et al., 2018), reported success with slow (average 73.6 days) chest tube drainage (Biswas et al., 2016). Use of VATS without intubation (Kermenli et al., 2021), irrigation with saline, which was shown more effective than drainage alone (Hooper et al., 2015), and the use of an “extended MIST2 protocol” (tPA 10mg/DNase 5mg, twice daily; >6 doses; n = 20) in patients unable to receive surgery (McClune et al., 20162016) were used to address this problem. Notably, the “extended MIST2 protocol” demonstrated an increase in bleeding events (10% compared to 2.5%), and resulted in an improved protocol that requires further evaluation (Gilbert and Gorden, 2017). These clinical studies strongly call for translational research guiding the development of effective, less invasive treatments for patients with advanced stage empyema, who are unable to receive VATS or thoracoscopic surgery. Patients that decline or are unfit for surgical intervention could potentially benefit from treatment with low dose PAI-1-TFT, which allows for a decrease in the dose of plasminogen activator by almost an order of magnitude (Florova et al., 2015; Florova et al., 2018; Florova et al., 2021) or treatment with innovative encapsulated plasminogen activators in combination with ultrasound, which is successfully used in circulation (Bader et al., 2015; Klegerman et al., 2016; Klegerman, 2017; Miao et al., 2018). Any improvement in non-surgical drainage by decreasing the dose of the plasminogen activator, increasing the rate of intrapleural fibrinolysis, or increasing the half-life of plasminogen activating and fibrinolytic activities could positively affect the survival of this patient population. Even small improvements in the current treatment of advanced stage empyema could result increased efficacy and decreased mortality in this patient cohort.
VALIDATED ANIMAL MODELS ARE NEEDED FOR SUCCESSFUL PRECLINICAL STUDIES
Successful transition from bedside to bench heavily relies on the availability of validated animal models that recapitulate the disease in humans. The absence of such a model could result in unexpected adverse events or even treatment failure in human patients. While adequate models are critical for the development and testing of innovative treatments, there is a dearth of animal models that closely recapitulate advanced stage empyema in humans, indicating a gap in translational science that restricts our understanding of intrapleural fibrinolysis in advanced stage empyema. While mouse models of infectious pleural injury (Hsieh et al., 2008; Wilkosz et al., 2011; Tucker et al., 2016) are good for mechanistic studies of empyema in mice (Rovina et al., 2013; Lapidot et al., 2015; Tucker et al., 2016; Boren et al., 2017; Kamata et al., 2017; Tucker et al., 2019) they often lack correlation with human disease (Kanellakis et al., 2019) and are limited, as mouse fibrinolytic enzymes and inhibitors are structurally different from humans. Furthermore, murine fibrin structure differs significantly from that in humans (Pretorius et al., 2007; Jo et al., 2009; Dewilde et al., 2010). Rabbit models more closely recapitulate pleural injury and intrapleural fibrinolysis in humans (Idell et al., 2009; Komissarov et al., 2016; Kunz et al., 2004; Light et al., 1782000; Sasse et al., 1999; Sasse et al., 1997; Teixeira et al., 2000) and were used to develop the treatments assessed in the MIST2 clinical trial (Dikensoy et al., 2006; Zhu et al., 2006), which resulted in the current Alteplase/DNase protocol (Rahman et al., 2011). Streptococcus pneumoniae-induced pleural injury in rabbits (Komissarov et al., 2016) closely recapitulates the time course and major features of empyema observed in humans, including advanced stage disease, where standard IPFT becomes less effective. Moreover, the similarity of rabbit fibrin structure and intrapleural fibrinolytic system to humans (Pretorius et al., 2007) allows for testing of therapeutics that are used in clinical practice or intended for future clinical trials. Multiple loculations of fluid in the pleural space and pleural thickening with increasing severity of injury seen in rabbits are similar to what is observed during stage II and III empyema (Davies et al., 1999; Khemasuwan et al., 2018) in patients. Empyema in this rabbit model transitions from an acute to an advanced stage if untreated, and there is a notable decrease in the efficacy of IPFT in advanced stage empyema, as has likewise been observed in humans (Himelman and Callen, 1986; Temes et al., 1996). The decrease in the rate of intrapleural fibrinolysis in advanced stage empyema noted by clinicians (Thommi et al., 2007; Thommi et al., 2012; Thommi et al., 2014) contributes to the failure of IPFT. Compensating by increasing the dose of tPA increases the risk of bleeding complications. Over the last decade, the major mechanisms of intrapleural fibrinolysis identified in rabbit models of chemical and infectious pleural injury were also observed in humans (Komissarov et al., 2009; Komissarov et al., 2011; Karandashova et al., 2013; Komissarov et al., 2013; Florova et al., 2015; Komissarov et al., 2016; Florova et al., 2018; Idell and Rahman, 2018; Komissarov et al., 2018; Beckert et al., 2019). This resulted in identification and validation of PAI-1 as a molecular target (Karandashova et al., 2013) and development of PAI-1-TFT, which allows for an up to 8-fold decrease in the dose of plasminogen activator (Florova et al., 2015; Florova et al., 2018; Florova et al., 2021), as well as FP, a novel biomarker for assessing the likelihood of failure of IPFT in an individual patient (Florova et al., 2015; Komissarov et al., 2016; Idell et al., 2017; Florova et al., 2018; Beckert et al., 2019; Florova et al., 2021).
CONCLUSION
The available literature indicates that at present, there is no one universal treatment for empyema in adult patients and opens new avenues for translational studies using validated animal models. The limits of IPFT could be determined using an appropriate animal model of chronic, advanced stage versus acute, early stage empyema with therapeutics such as human tPA, uPA, and DNase, which are already used in clinical practice. Newer options, such as low dose PAI-1-TFT or plasminogen activators encapsulated in liposomal carriers could likewise be tested in preclinical studies in order to identify and develop innovative treatments for empyema and expanding treatment to patients, who currently are not candidates for IPFT. Varying the plasminogen activator dose, dosing frequency and schedule, as well as exploring novel adjuncts that could increase efficacy, could inform the design of more personalized approaches to the treatment of advanced stage empyema in humans. We believe that it could be beneficial to use biomarker analyses of pleural fluid to develop POC tests that inform on which treatment is the most beneficial for a given patient. Simultaneously, low-dose, well-tolerated treatments for advanced stage empyema could expand the cohort of patients, including those that are of advanced age and with multiple comorbidities, that could benefit from IPFT. Preclinical development and testing of new methods of predicting patient prognosis after intervention and targeted treatments hold promise to improve outcomes in patients with organizing pleural injury with failed drainage and poor responses to currently available therapy.
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Radiation-induced liver fibrosis (RILF) is a serious complication of the radiotherapy of liver cancer, which lacks effective prevention and treatment measures. Kinsenoside (KD) is a monomeric glycoside isolated from Anoectochilus roxburghii, which has been reported to show protective effect on the early progression of liver fibrosis. However, the role of KD in affecting RILF remains unknown. Here, we found that KD alleviated RILF via downregulating connective tissue growth factor (CTGF) through TGF-β1 signaling. Sprague-Dawley rats were administered with 20 mg/kg KD per day for 8 weeks after a single 30Gy irradiation on the right part of liver, and tumor-bearing nude mice were administered with 30 mg/kg KD per day after a single fraction of 10Gy on the tumor inoculation site. Twenty-four weeks postirradiation, we found that the administration of KD after irradiation resulted in decreased expression of α-SMA and fibronectin in the liver tissue while had no adverse effect on the tumor radiotherapy. Besides, KD inhibited the activation of hepatic stellate cells (HSCs) postirradiation via targeting CTGF as indicated by the transcriptome sequencing. Results of the pathway enrichment and immunohistochemistry suggested that KD reduced the expression of TGF-β1 protein after radiotherapy, and exogenous TGF-β1 induced HSCs to produce α-SMA and other fibrosis-related proteins. The content of activated TGF-β1 in the supernatant decreased after treatment with KD. In addition, KD inhibited the expression of the fibrosis-related proteins by regulating the TGF-β1/Smad/CTGF pathway, resulting in the intervention of liver fibrosis. In conclusion, this study revealed that KD alleviated RILF through the regulation of TGFβ1/Smad/CTGF pathway with no side effects on the tumor therapy. KD, in combination with blocking the TGF-β1 pathway and CTGF molecule or not, may become the innovative and effective treatment for RILF.
Keywords: radiation-induced liver fibrosis, kinsenoside, hepatic stellate cells, transforming growth factor-β1, connective tissue growth factor
INTRODUCTION
Radiotherapy is an important treatment method for liver cancer. However, the damage to normal tissues caused by radiotherapy often restricts the efficacy of radiotherapy, and the delayed organ damage such as the radiation-induced liver fibrosis (RILF) is inevitable and even lethal in some cases (Du et al., 2010; Han et al., 2019). Radiation-induced liver injury is generally divided into the subacute radiation-induced liver disease stage and the advanced RILF stage (Liang et al., 2018). The loss of liver parenchymal cells, the destruction of liver lobule structure and the hyperplasia of fibrous connective tissue are the main histological characteristics of the RILF (Lee and Friedman 2011; Kim and Jung 2017). The radiation-induced tissue fibrosis was formerly considered to be inevitable and irreversible, while it is currently believed that the radiation-induced fibrosis is caused by the dynamic interaction between multiple cell types in specific organs, suggesting that the RILF may be regulable (Du et al., 2010; Hu et al., 2018). However, the potential regulatory mechanism needs to be further explored. As the number of long-term surviving patients largely increased with the improvement of the therapeutic effect for liver cancer, one of the main directions of the radiobiological research is to reduce and treat the late liver fibrosis caused by the radiotherapy (Jung et al., 2013; Atta 2015; Cheng et al., 2015).
Anoectochilus roxburghii (A. roxburghii), a traditional Chinese herbal plant, has a variety of pharmacological effects, including anti-obesity, anti-hyperglycemia, anti-osteoporosis, and so on, among which the liver-protecting effect shows significant effect in clinical use (Ye et al., 2017). Kinsenoside (3-(R)-3-β-D-Glucopyranosyloxybutanolide, KD) is a biologically active compound isolated and extracted from A. roxburghii which has been reported to have the anti-hyperglycemic and anti-hyperlipidemic effects, and to alleviate the acute inflammation. In addition, KD has shown a protective effect on the liver in the mice and the patients with liver disease, but the mechanism is not yet clearly understood (Tullius et al., 2014; Zarzycka et al., 2014; Zhang et al., 2014; Qi et al., 2018; Ming et al., 2021). Up to now, there is no research focusing on the roles of KD playing in the RILF.
When activated, myofibroblasts are the most important collagen-producing cells in the fibrosis process, and it is generally believed that hepatic stellate cells (HSCs) are the main source of collagen-producing fibroblasts in the cirrhotic liver (Wei et al., 2013). Studies have shown that HSCs are the critical effector cells in the process of the RILF (Oakley et al., 2005; Hasan et al., 2017; Dewidar et al., 2019b). In the development of the RILF, HSCs are activated and continue to proliferate, which leads to the imbalance and interaction of various fibrosis-related cytokines, ultimately resulting in the accumulation of the extracellular matrix (ECM) (Wang et al., 2013; Chen et al., 2017; Yuan et al., 2019a).
The transforming growth factor-β (TGF-β) signaling pathway family is the core member that maintains the dynamic balance of tissues and organs, and plays a vital role in regulating cell proliferation, differentiation, migration or death (Derynck and Budi 2019; Dituri et al., 2019; Katsuno et al., 2019). As reported, TGF-β is not only a key regulator of liver pathophysiology, but also one of the most important pro-fibrotic cytokines in the process of liver fibrosis (Xu et al., 2016; Wu et al., 2018b; Mu et al., 2018; Dewidar et al., 2019a; Dewidar et al., 2019b).
Based on these existing research results, we studied whether KD could protect the liver after radiation and interfere with the RILF. In addition, to further clarify the mechanism through which KD affected the RILF, we tested the effect of KD on the HSCs and screened the key target molecules and signaling pathways affected by KD.
MATERIALS AND METHODS
Ethics Statement
Male Sprague-Dawley (SD, Experimental Animal Center of Hubei Province, China) rats aged 7–8 weeks and Balb/c nude mice (Hunan SJA Laboratory Animal Co., Ltd., Hunan, China) aged 4 weeks were housed in the specific pathogen-free breeding system. All rats and mice were randomly grouped and adaptively fed for a week. All the experimental designs and procedures were conducted in accordance with the ARRIVE guidelines and the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978).
Irradiation and Kinsenoside Treatment of SD Rats
The SD rats were divided into four groups by randomization (n = 5 per group): Control group (Con), only KD group (KD), irradiation group (IR) and irradiation treated with KD group (IR + KD). The radiation dose was a single 30Gy for the irradiation groups, and the irradiation field was 2.5 × 2.5 cm in the right part of the liver (RS2000 X-ray Biological Research Irradiator, 25 mA, 160 kV; Rad Source Technologies Inc., Suwanee, GA). The KD powder was obtained from the School of Pharmacy, Tongji Medical College, Huazhong University of Science and Technology, and the KD solution was made by dissolving the powder in the pure water. The KD solution was given 20 mg/kg per day by oral gavage, while the Con group and IR group were fed with pure water at the same time. The gavage feeding time for the irradiation groups was 8 weeks postirradiation. The animals used to observe the pathological results were euthanized at the 24th week after irradiation.
Irradiation and Transplantation Tumor Experiment of Nude Mice
The hepatocellular carcinoma cells (HepG2) were injected into the subcutaneous tissue under the left upper limb of nude mice. The diameters of the xenograft tumors were measured and the mice weighed every 3 days. When the mean size of the xenograft tumors reached 85–120 mm3, the tumor-bearing nude mice were divided into four groups by randomization (n = 7 per group): Con group, KD group, IR group and IR + KD group. The radiation dose was a single 10Gy for the irradiation groups, and the irradiation fields were the tumor inoculation sites. The KD solution was given 30 mg/kg per day by oral gavage immediately postirradiation. The gavage feeding time was 12 days until the nude mice were euthanized.
Liver Histology
At the 24th week postirradiation, the rats were euthanized and the liver tissues were cut into pieces. Part of the liver tissues were immersed in 4% paraformaldehyde for paraffin embedding. The liver sections were stained with Masson’s trichrome and HE staining (Aspen Biological, Wuhan, China). The Masson’s-stained sections were used to assess the degree of liver fibrosis using the METAVIR scoring method. All the scoring work was carried out by two independent senior pathologists that were blinded to the experiment.
Immunohistochemistry and Immunofluorescence
For the immunohistochemistry (IHC) of the liver tissues, the primary antibodies were TGF-β1 (1:200; Cell Signaling Technology Inc., Danvers, MA) and α-smooth muscle actin (α-SMA) (1:200; Servicebio Technology, Wuhan, China). For the immunofluorescence of the liver tissues and HSCs, the primary antibodies were collagen (1:200; BOSTER Biological Technology, Wuhan, China) and α-SMA (1:200; Servicebio Technology, Wuhan, China).
The IHC scores were based on the staining intensity and positive-stained cells. Five fields of each slice were randomly selected and the average value was the final IHC score. All the scoring work was carried out by two independent senior pathologists that were blinded to the experiment.
Western Blot Analysis
Liver tissues (30–100 mg) were homogenized and the protein liquid was extracted. The proteins were separated and transferred to the polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). The PVDF membranes were incubated with primary antibody overnight at 4°C. The antibodies included: α-SMA (1:1,000; Servicebio Technology, Wuhan, China), fibronectin (FN), collagen I and connective tissue growth factor (CTGF) (1:1,000; BOSTER Biological Technology, Wuhan, China), TGF-β1 and Smad2/3 and P-Smad2/3 (1:1,000; Cell Signaling Technology Inc., Danvers, MA), GAPDH and β-actin (1:1,000; Aspen Biological, Wuhan, China). Then, the PVDF membranes were incubated with the anti-rabbit IgG secondary antibody (1:6,000; Aspen Biological, Wuhan, China) at room temperature for 1 hour. Finally, the proteins were detected with the Super Signal West Pico plus Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA).
Hydroxyproline Content Assay
The content of hydroxyproline in the liver tissues was detected by the hydroxyproline assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). All the steps were implemented strictly following the instructions.
Cell Culture and Treatment
The immortalized hepatic rat stellate cell line (HSC-T6) was kindly provided by Procell Life Science Technology Co., Ltd. (Wuhan, China). The HSCs were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco). The culture incubator for the cells was 37°C with constant temperature, constant humidity, and 5% CO2. The HSCs were seeded in the 6-well plates and cultured for about 24 h before treated with different concentrations of KD and TGF-β1, respectively. After that, cells were cultured for 24 h until further detection.
Real-Time Fluorescence Quantitative PCR
The RNA of the cells was extracted with TRIzol solution, then the concentration of RNA in each group was determined. The cDNA was obtained according to the reverse transcription cDNA synthesis kit (Thermo, United States). The relative expression of genes was finally calculated according to the SYBR Green PCR kit (Thermo, United States) and the 2−ΔΔCt method.
High Throughput mRNA Sequencing
Total RNA was extracted with the TRIzol Reagent kit (Invitrogen), quantified and qualified with NanoDrop (Thermo Fisher Scientific Inc.) and Agilent 2,100 Bioanalyzer (Agilent Technologies). Next generation sequencing library preparation was constructed using 1 μg total RNA with RIN value above 6.5 in accordance with the manufacturer’s instructions. The Poly(A) mRNA Magnetic Isolation Module or rRNA Removal Kit was used to isolate the poly(A) mRNA.The mRNA fragmentation and priming was performed using First Strand Synthesis Reaction Buffer and Random Primers. cDNA was synthesized using the ProtoScript II Reverse Transcriptase and the Second Strand Synthesis Enzyme Mix, followed by purification by beads. The End Prep Enzyme Mix and the T-A ligation was used to repair cDNA ends, add a dA-tailing, and add adaptors to both ends. DNA fragments around 420 bp were then recovered in the size selection. The P5 and P7 primers were used for sample amplification by PCR for 13 cycles. The PCR products were then cleaned up, validated and quantified.
The Illumina HiSeq instrument (Illumina, San Diego, CA, United States) was then used in accordance with the manufacturer’s instructions. The libraries were multiplexed and loaded. The 2 × 150 bp paired-end (PE) configuration was used for sequencing. The HiSeq Control Software (HCS) + OLB + GAPipeline-1.6 (Illumina) was used for image analysis and base calling. GENEWIZ was used to process and analyze the sequences.
Cell Cycle Detection
The cells were digested and the cell suspension was centrifuged. The cells were resuspended in 1ml of pre-cooled 70% ethanol solution and placed in the −20°C refrigerator for more than 12 h. After the fixation, the cells were washed twice and treated in accordance with the requirements of the cell cycle detection kit (Servicebio Technology, Wuhan, China).
Enzyme Linked Immunosorbent Assay
The cell culture supernatant was separated for testing, and the TGF-β1 content in the supernatant was detected according to the enzyme linked immunosorbent assay (ELISA) kit (ELK Biotechnology, Wuhan, China) instructions.
Statistical Analysis
In this study, GraphPad Prism software was used to perform statistical data analysis. The results were expressed as mean ± standard error of mean (SEM). Student’s t test was used to analyze continuous variable data. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. p < 0.05 was statistically significant.
RESULTS
Kinsenoside Attenuates Radiation-Induced Liver Fibrosis in the Rat Model
In order to investigate the effect of KD on the RILF, we established the animal model of the RILF. 24 weeks after irradiation, the partial hair loss and ulceration appeared in the irradiated area. Besides, the liver was yellowish and the surface of the liver was rough and grainy in the IR group, while in the IR + KD group the liver was ruddy and smooth (Figure 1B). Next, the pathological analysis results of the HE and Masson staining showed that the rats suffered RILF from irradiation, and the normal liver lobule structure of the rat liver was destroyed, with the central vein even collapsed. There was obvious fibrous connective tissue deposition in the liver, and the portal area was often more obvious, while KD could attenuate RILF. KD administration significantly reduced the deposition of collagen fibers, and the damage to the liver structure and central veins was also reduced (Figure 1C). METAVIR fibrosis score and hydroxyproline content were important indicators for judging the degree of liver fibrosis (Bedossa and Poynard 1996). The liver fibrosis score of the IR group was significantly higher than that of the Con group, while the IR + KD group score decreased (Figures 1D,E), indicating that KD administration after irradiation attenuated liver tissue fibrosis caused by radiation.
[image: Figure 1]FIGURE 1 | KD alleviates the RILF in the rat model (A) Chemical structure of KD (B) Photograph of irradiated areas and part of the livers of the rats. The liver was yellowish and rough in the IR group, while in the other groups the livers were ruddy and smooth (C) RILF was assessed through the H&E and Masson’s trichrome staining of representative liver slices. In the IR group, blue stained collagen deposited in liver tissues, while KD treatment significantly attenuated the radiation induced injury (D) METAVIR scores for grading the liver fibrosis. KD treatment attenuated the degree of fibrosis (E) The content of hydroxyproline in the liver tissues. Hydroxyproline content increased after irradiation and decreased significantly in the IR + KD group. For all results in this figure, original magnification, ×100. Mean ± SEM. n. s. denotes not significant; **p < 0.01, ***p < 0.001, ****p < 0.0001.
Kinsenoside Inhibits Expression of the Fibrosis-Related Proteins in the Rat Model
The expression level of α-SMA is an important sign of HSC activation, and it is also one of the important indicators to judge the degree of liver fibrosis (Liu et al., 2015). Besides, FN was an important ECM regulatory component in the fibrosis process related to HSCs activation (Zollinger and Smith 2017; Klingberg et al., 2018). At the 24th week postirradiation, the liver tissues of the rats in each group were subjected to α-SMA immunohistochemistry. The expression of α-SMA increased in the liver portal area of the rats in the IR group, and the expression level of a-SMA in the IR + KD group was significantly lower than that of the IR group (Figures 2A,B). We performed immunofluorescence staining of liver tissue collagen. The results showed that the expression of collagen in the liver portal area increased in the IR group, and was significantly reduced in the IR + KD group (Figure 2C), indicating that the degree of fibrosis was significantly reduced after the administration of KD. Furthermore, the results of Western Blot analysis showed that administration of KD after irradiation resulted in decreased expression of α-SMA (Figures 2D,E) and FN (Figures 2D,F) in liver tissue. Based on these results, KD inhibited the expression of the fibrosis-related proteins, and alleviated RILF in the rat model.
[image: Figure 2]FIGURE 2 | KD inhibits the expression of the fibrosis-related proteins in the rat model (A) The results of the IHC staining displayed the expression of α-SMA of the liver histology slices. KD significantly reduced the expression of brown stained α-SMA after irradiation (B) The IHC scores for grading the expression of α-SMA (C) Expression and localization of collagen in the liver tissue. The red stain represented collagen, which indicated that collagen expression in the IR + KD group was significantly lower than that in the IR group (D-F) The results of the western blots showed the expression of α-SMA and FN proteins in the liver tissue. The administration of KD after irradiation resulted in decreased expression of a-SMA and FN. For all results in this figure, original magnification, ×100 and ×200. Mean ± SEM. n. s. denotes not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Kinsenoside Exerts No Adverse Effects on the Radiosensitivity of Liver Cancer in the Mouse Model
In order to test whether KD reduced the efficacy of radiotherapy for liver cancer, we tested the effects of KD after the inoculation of liver cancer cells (HepG2) in the nude mice. The tumor size in the IR and IR + KD groups decreased significantly after irradiation, and the tumor volume-time curve showed that the tumor volume in the irradiated groups increased slowly compared to the control groups, while there was no statistical difference in the tumor volume between the IR group and IR + KD group (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Treatment with KD does not alter the radiosensitivity of liver cancer in the mouse model (A) In the IR group and the IR + KD group, the tumor size significantly reduced compared with the Con group and the KD group (B) The tumor volume-time curve showed that the tumor volume of the irradiated groups increased slower than the control groups, and there was no statistical difference in the tumor volume between the IR group and the IR + KD group (C) Compared with the control group, the tumor weight was significantly reduced after irradiation, but there was no statistical difference in tumor weights between the IR group and the IR + KD group (D) There was no statistical difference in the body weights of nude mice between the IR group and the IR + KD group. For all results in this figure, mean ± SEM. n. s. denotes not significant; *p < 0.05, **p < 0.01.
In addition, the tumor weight of the IR group and IR + KD group was significantly lower than those of the control groups, but there was no statistical difference in the tumor weight between IR group and IR + KD group (Figure 3C). Furthermore, the body weight of nude mice in each group was determined. The body weight after irradiation was reduced compared with the control groups, but there was no difference between the two irradiation groups (Figure 3D). Overall, these above results comprehensively showed that the administration of KD after irradiation did not affect the efficacy of tumor radiotherapy, suggesting that KD did not affect the curative effect of radiotherapy on tumors while inhibiting RILF.
Kinsenoside Inhibits Cell Proliferation of Hepatic Stellate Cells and Activation of Fibrosis-Related Proteins
Studies have shown that HSCs are the critical effector cells in the process of liver fibrosis (Wan et al., 2017; Wu et al., 2018a; Dewidar et al., 2019b). In order to study the regulatory effect of KD on the HSCs, we separately detected the cell cycle of each group and found that compared with the IR group, the HSC-T6 cells in the IR + KD group were blocked in the G0/G1 phase (Figure 4A), indicating that KD played a role in inhibiting the proliferation of HSCs. We detected the expression of α-SMA gene in each group, and the results showed that radiation exposure caused the activation of HSC-T6 cells at the transcription level, while the administration of KD inhibited this activation (Figure 4B). Furthermore, the expression of α-SMA protein in each group was detected by immunofluorescence. The results showed that the fluorescence intensity of α-SMA protein in the IR group was significantly higher than that in the control groups. While the fluorescence intensity of the protein in the IR + KD group decreased significantly, compared with the IR group (Figure 4C), indicating that the radiation exposure activated the HSC-T6 cells, while KD administration after irradiation reduced this activation. Subsequently, we tested the marker proteins of RILF. As shown in the Figures, the expression of the marker proteins decreased in the IR + KD group, compared with the IR group (Figures 4D–G). These results indicated that HSCs were activated after irradiation and produced proteins to promote fibrosis, while KD could inhibit the activation of HSCs and inhibit the production of these key fibrosis proteins.
[image: Figure 4]FIGURE 4 | KD inhibits the proliferation of HSCs and the key proteins that promote the RILF (A) The results of the cell cycle showed that in the IR + KD group, the cell cycle arrested in the G0/G1 phase compared with the IR group, which indicated the inhibition of the cell proliferation (B) The expression of a-SMA mRNA in HSC-T6 cells increased after 6Gy irradiation, while the administration of KD after irradiation inhibited this expression (C) The protein fluorescence intensity of α-SMA increased in the IR group compared with the control groups, and the fluorescence intensity decreased in the IR + KD group compared with the IR group (D-G) Unirradiated HSC-T6 cells expressed little or did not express fibrosis-related proteins such as collagen, FN and a-SMA protein. The expression of these fibrosis-related proteins increased after 6Gy irradiation, and the administration of KD after irradiation inhibited the expression of these proteins. For all results in this figure, mean ± SEM. n. s. denotes not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
Screening of the Target Gene Connective Tissue Growth Factor and TGF-β1 Signaling Pathway
To find the differential genes that KD targeted in the process of alleviating RILF, we performed transcriptome high-throughput sequencing. Through the differential gene screening and the cluster map analysis, we found that in the IR group, CTGF was a high-expressed gene compared to the control group, while in the IR + KD group, CTGF was low-expressed compared to the IR group (Figures 5A,B), indicating that CTGF might be an important target gene for KD to attenuate RILF. CTGF is an important fibrosis-promoting mediator downstream target of TGF-β that plays a key role in the liver fibrosis (Weiskirchen, 2016; Wu et al., 2018b; Alatas et al., 2020). Next, we verified the transcriptome sequencing results by Real-Time PCR and western blot analyses. It was found that CTGF was significantly upregulated both in the mRNA and protein levels after HSC-T6 cells irradiated with 6Gy rays, while the expression of CTGF decreased in the IR + KD group, compared with that in the IR group (Figures 5C,D). These results suggested that KD could inhibit the expression of CTGF in HSCs after irradiation.
[image: Figure 5]FIGURE 5 | The key fibrosis-related gene and signaling pathway that are inhibited by KD (A) The results of high-throughput sequencing of the transcriptome showed that the expression of CTGF gene increased after irradiation (B) The results of high-throughput sequencing of the transcriptome showed that the expression of CTGF gene decreased after the administration of KD (C) The results of Real-Time PCR were consistent with the results of the sequencing. The expression of CTGF mRNA increased in the IR group, but decreased in the IR + KD group (D) The results of western blotting were consistent with the results of sequencing. The expression of CTGF protein increased in the IR group, but decreased in the IR + KD group (E) In the transcriptome KEGG gene pathway enrichment map, the TGF-β pathway was closely related to CTGF and RILF (F) The results of tissue TGF-β1 immunohistochemistry indicated that in the IR + KD group the expression of TGF-β1 in the liver tissue decreased compared with the IR group. For all results in this figure, original magnification, ×40 and ×100. Mean ± SEM. *p < 0.05, **p < 0.01.
The signaling pathway enrichment was conducted to screen the pathways upstream of CTGF that played a key role in the process of RILF. The bubble chart of the transcriptome showed a series of enriched signal pathways, among which the TGF-β pathway was closely related to CTGF and the extracellular environment (Figure 5E). Based on the results, we speculated that TGF-β pathway was involved in the process that KD alleviated RILF. In order to further verify this, we performed TGF-β immunohistochemical staining on the rat liver tissue. As shown in Figure 5F, expression of TGF-β1 increased in the IR group, while there was almost no expression of TGF-β1 in the IR + KD group. These results indicated that the TGF-β1 pathway played a key role in promoting liver fibrosis caused by radiation, and KD administration after irradiation could reduce the expression of TGF-β1.
Kinsenoside Reduces Radiation-Induced Liver Fibrosis by Blocking TGF-β1/Smad/Connective Tissue Growth Factor Pathway
To further clarify whether TGF-β1 promoted the activation of HSCs and the expression of fibrosis-related proteins, we detected the expression of fibrosis-related proteins after exogenous TGF-β1 acted on the HSC-T6 cells. As the concentration of exogenous TGF-β1 increased, the expression of CTGF protein increased, and the expression of collagen and α-SMA protein both showed a gradient increase (Figures 6A,B). Results showed that the increase in the concentration of TGF-β1 led to the activation of HSCs, which in turn increased the expression of CTGF protein and collagen, thereby producing the effect of promoting fibrosis. In addition, we collected cell supernatants from each group to test the content of activated TGF-β1 by the ELISA. The results showed that the secreted activated TGF-β1 was significantly higher in HSC-T6 cells after 6Gy irradiation than the control groups, while the secreted activated TGF-β1 decreased in the IR + KD group, compared with the IR group (Figure 6C). Next, we further analyzed the expression of TGF-β1 and its downstream pathway proteins. The expressions of TGF-β1 and its downstream proteins, total Smad2/3 and phosphorylated Smad2/3, were all increased after irradiation and decreased in the IR + KD group (Figures 6D–G). In addition, CTGF is the pro-fibrotic mediator downstream of the TGF-β1 pathway, and we have found that KD could inhibit the expression of CTGF. Based on these results, KD could inhibit the activated TGF-β1/Smad/CTGF pathway postirradiation, thereby inhibiting RILF (Figure 7).
[image: Figure 6]FIGURE 6 | KD ameliorates the RILF by inhibiting TGF-β1/Smad/CTGF pathway (A) Exogenous TGF-β1 led to the increased expression of CTGF protein (B) Exogenous TGF-β1 induced an increase in the expression of collagen and a-SMA proteins (C) The TGF-β1 activity in the conditioned media significantly increased after 6Gy irradiation compared with the control group, while the TGF-β1 activity in the conditioned media in the IR + KD group decreased compared with the IR group (D-G) The expressions of TGF-β1 and downstream Smad2/3 as well as phosphorylated Smad2/3 reduced in the IR + KD group compared with the IR group. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
[image: Figure 7]FIGURE 7 | The schematic diagram. KD ameliorated the RILF through the regulation of the key molecule CTGF and TGF-β1/Smad/CTGF pathway in the HSCs.
DISCUSSION
The RILF is a kind of normal liver tissue damage induced by radiation, lacking effective prevention and treatment methods currently. As reported, the mortality rate of the radiation-induced liver injury in severe cases reaches 75%, and most of these patients eventually suffer from liver failure (Guha and Kavanagh 2011; Chen et al., 2015; Munoz-Schuffenegger et al., 2017). At present, the liver fibrosis is considered to be a healing response to the chronic liver injury. However, if the inducing factors of liver damage are not properly removed, the liver fibrosis will continue and cause serious distortion of the liver tissue structure, which may eventually lead to the liver failure and death (Aydın and Akçalı 2018; Roehlen et al., 2020; Kisseleva and Brenner 2021). In this study, we successfully established the rat model of the RILF, and the results of the HE and Masson staining indicated that KD significantly improved the RILF. In addition, we measured the fibrosis score and the content of hydroxyproline in the liver tissues of each group to further verify the effect of KD on alleviating the RILF. Our research showed that KD reduced the liver fibrosis in rats after radiotherapy, and provided a new method for the prevention and treatment of the RILF.
It’s well accepted that the RILF closely related to the continuous overexpression of a variety of inflammatory and fibrotic cytokines, but the underlying specific mechanisms remain to be undiscovered (Chen et al., 2017; Rosenbloom et al., 2017; Yuan et al., 2019b). The main cause of the liver fibrosis is the excessive accumulation of the fibrosis-related proteins such as collagen in the perisinusoidal space, and changes in these ECM components induce the hepatic sinusoidal endothelial cells (LSEC) to form the basement membranes, which interferes with the normal nutrient transport between blood and the surrounding cells, especially the liver cells, and ultimately leads to dysfunction (Natarajan et al., 2017; Ni et al., 2017). Based on the reported studies, we performed the immunohistochemical (IHC) staining of the livers and scored IHC scoring of the α-SMA protein, which was the marker of the liver fibrosis and the HSCs activation. The results showed that the α-SMA protein in the post-irradiated liver was downregulated when treated with KD. The results of the collagen immunofluorescence showed that the collagen expression in the IR + KD group was significantly lower than that in the IR group, which indicated the inhibitory effect of KD on the activation of the HSCs and the subsequent induction of the liver fibrosis. Additionally, we extracted the total protein of the liver tissue and detected the expression of the key proteins involved in the liver fibrosis. The results suggested that KD significantly reduced the expression of α-SMA and FN after radiotherapy.
KD, an extract of the traditional Chinese herbal plant A. roxburghii, has a variety of pharmacological effects, among which the liver-protecting effect shows significant importance (Xiang et al., 2016a; Xiang et al., 2016b). Studies have shown that KD can ameliorate the autoimmune hepatitis and protect against the CCl4-induced liver damage in mice, while the mechanism remains unknown (Xiang et al., 2016b). The results of our studies on the animal model shown that KD had protective effects on the RILF, which provided a theoretical basis for solving the urgent clinical problems on prevention and treatment of the RILF. Importantly, the drugs used to prevent the RILF are supposed not to affect the efficacy of radiotherapy on the malignant liver tumors. In this study, the xenograft tumors were inoculated and irradiated with a single 10Gy radiation after reaching the expected size. Subsequently, the nude mice were administered with KD, and the results showed that KD administration after radiotherapy did not affect the efficacy of tumor radiotherapy.
The HSCs are the main cells that produce the ECM in the damaged liver. Protein α-SMA acts as an important marker for the activation of the HSCs, and FN is an important ECM regulatory component in the fibrosis process related to the HSCs activation (Rygiel et al., 2008; Zollinger and Smith 2017; Klingberg et al., 2018). The activated HSCs migrate and accumulate in the tissue repairing site, then secrete a large amount of ECM and regulate ECM degradation (Chen et al., 2020). In addition, during the chronic liver injury, liver parenchymal cells are damaged, along with increasing of the activated HSCs and inflammatory cells (Weiskirchen and Tacke 2016). We found that the HSCs, the main effector cells of liver fibrosis, were activated by radiation and proliferated actively after 6Gy of radiation, and the expression of the fibrosis-related proteins significantly increased. The administration of KD effectively inhibited the activation and proliferation of the HSCs, and promoted a significant reduction in the expression of the fibrosis-related proteins.
CTGF is a kind of matrix protein that is commonly up-regulated in the liver fibrosis, which plays a key role in liver fibrosis (Weiskirchen, 2016; Wu et al., 2018b; Makino et al., 2018). Studies have shown that hepatocytes, bile duct cells, HSCs and many other cells express and secrete CTGF protein in the fibrotic liver (Williams et al., 2014; Ding et al., 2016; Ramazani et al., 2018). As reported, CTGF is significantly upregulated and plays a key role in the liver fibrosis (Xu et al., 2015; Tomei et al., 2016). Furthermore, CTGF is a downstream regulator of TGF-β1, which is the final link leading to the accumulation of ECM (Wu et al., 2018b). Various activating factors can promote the latent TGF-β1 turning into activated TGF-β1, and the latter binds to the corresponding receptor on the effector cells (Hinck et al., 2016). Growing evidence have shown that activated and overexpressed TGF-β1 eventually lead to the depletion of parenchymal cells and excessive tissue fibrosis (Moses et al., 2016; Liu et al., 2019; Wang et al., 2019). In this study, we screened the key target gene regulated by KD through high-throughput sequencing of the transcriptome, and CTGF was found to be a key molecule in the RILF. The signaling pathway enrichment suggested the importance of TGF-β signaling pathway in regulating the RILF, and the IHC staining of liver tissue showed the reduced expression of TGF-β1 in the IR + KD group. Our data showed that the irradiation activated and upregulated TGF-β1, which stimulated the HSCs, resulting in the increased expression of the fibrosis-related proteins. Furthermore, treatment with KD reduced the activated TGF-β1 after radiotherapy. Taken together, we figured out that KD alleviated the RILF via inhibition of the TGF-β1/Smad/CTGF axis.
This study has several limitations. Firstly, we lacked continuous monitoring at different time points before 24 weeks. Secondly, we failed to use the imaging methods to assess the degree of liver fibrosis in this study. In the follow-up researches, the imaging detection will be used to further verify the experimental results. Thirdly, the intermolecular interaction in the signaling pathway needs to be detailed.
In summary, this study discovered that KD could ameliorate the RILF through the regulation of the key molecule CTGF and TGF-β1/Smad/CTGF pathway in the animal model and the cell-level experiments. Additionally, KD showed no adverse effects on the tumor radiotherapy. These results have provided supporting evidence for the clinical application of KD as an innovative drug for the treatment of the RILF, and provided a basis for the use of reagents targeting the TGF-β1 pathway and CTGF molecule to prevent and treat the RILF.
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Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial lung disease characterized by an abnormal reepithelialisation, an excessive tissue remodelling and a progressive fibrosis within the alveolar wall that are not due to infection or cancer. Oxidative stress has been proposed as a key molecular process in pulmonary fibrosis development and different components of the redox system are altered in the cellular actors participating in lung fibrosis. To this respect, several activators of the antioxidant machinery and inhibitors of the oxidant species and pathways have been assayed in preclinical in vitro and in vivo models and in different clinical trials. This review discusses the role of oxidative stress in the development and progression of IPF and its underlying mechanisms as well as the evidence of oxidative stress in human IPF. Finally, we analyze the mechanism of action, the efficacy and the current status of different drugs developed to inhibit the oxidative stress as anti-fibrotic therapy in IPF.
Keywords: IPF—idiopathic pulmonary fibrosis, fibrosis, oxidative stress, ROS—reactive oxygen species, antioxidant therapy
1 INTRODUCTION
1.1 Idiopathic Pulmonary Fibrosis
Among all the idiopathic interstitial pneumonias, the most common form is idiopathic pulmonary fibrosis (IPF), whose incidence is estimated to be ranged between 2.8 and 9.3 per 100,000 people per year in North America and Europe (Barratt et al., 2018). IPF occurs primarily in older adults, mainly in men; it is characterised by chronic and progressive fibrosis related to a decrease in pulmonary function, progressive respiratory distress, and a remarkable poor prognosis. It is generally nonresponsive to traditional therapies such as anti-inflammatory and immunomodulatory treatment (Richeldi et al., 1941; Day, 2008; Barratt et al., 2018; Lederer and Martinez, 2018).
As the disease progresses, some pathological changes appear, including fibrotic lesions and accumulation of fibroblast in focal zones called “fibroblast foci,” which causes the characteristic “honeycomb” appearance. The etiologic stimulus that initiates the disease and the underlying mechanism of pulmonary fibrosis are still unknown or poorly understood. Current studies suggest that fibrosis may result from the presence of continuous stimuli (both endogenous and exogenous) or injury followed by an aberrant wound healing process and a dysregulated repair/remodelling of the lung (Kinnula et al., 2005; Kliment and Oury, 2010).
Lung fibrosis is associated with accumulation of fibroblasts, myofibroblast activation or differentiation, alveolar reepithelization, extracellular matrix (ECM) dysregulation, oxidative stress, and inflammation (Phan, 2002; Manni and Oury, 2014). Thus, fibrosis development is mediated by interactions between various cell types such as fibroblasts; myofibroblasts; epithelial cells, especially type I and II alveolar epithelial cells (AECs); mesothelial and mesenchymal cells, as well as immune system cells. Although most studies have focused on the fibrotic process and the proliferation of fibroblast and myofibroblast, several studies suggest that increased oxidative stress may play a major role in the development and progression of IPF (Bocchino et al., 2010; Liguori et al., 2018; Cameli et al., 2020).
This review addresses the importance of the balance of oxidants/antioxidants in the pathogenesis of pulmonary fibrosis as well as the evidence of oxidative stress in human IPF with emphasis on the pharmacological approach targeting oxidative stress.
1.2 Oxidative Stress in Idiopathic Pulmonary Fibrosis
Oxidative stress arises as a result of an imbalance between reactive oxygen species (ROS) and reactive nitrogen species (RNS) production and antioxidant defence that leads to cellular dysfunction and tissue damage (Hosseinzadeh et al., 2018b). ROS are highly reactive oxygen metabolites; some examples are superoxide anion (O2•−), hydroxyl radical (HO•), and hydrogen peroxide (H2O2). RNS are molecules derived from the reaction between nitric oxide (NO) and O2 and derivates, one example is peroxynitrite. RNS can generate oxidative stress but also the named nitrosative stress (Thomas et al., 2008; Otoupalova et al., 2020). Lungs, due to their anatomy, location, and function, are particularly susceptible to oxidative stress (Crapo, 2003; Kinnula et al., 2005; Hosseinzadeh et al., 2018b).
Exogenous oxidizing agents such as cigarette smoke, toxins, hyperoxia, asbestos fibres, drugs and radiation also induce the production of ROS/RNS. Exogenous or endogenous generated ROS/RNS may directly damage the alveolar epithelium, favouring fibrotic interstitial lung responses (Kinnula et al., 2005). In addition to directly damaging the lung epithelium, ROS/RNS may also favour the development of pulmonary fibrosis by altering the expression of mediators implicated in the pathogenesis of IPF, such as the pro-fibrotic growth factor, transforming growth factor β (TGF-β). This growth factor is known to be modulated by ROS, indeed, experimental studies have evidenced that ROS can increase the secretion of TGF-β from epithelial cells and directly activate it (Barcellos-Hoff and Dix, 1996; Bellocq et al., 1999; Pociask et al., 2004). In turn, TGF-β stimulates the proliferation of fibroblasts and its differentiation into myofibroblasts (Thannickal et al., 2003). Oxidants may also alter the nature of surrounding ECM (Larios et al., 2001). Both ROS and RNS play an important role in the regulation of ECM, degradation and turnover (Fu et al., 2003; Nelson and Melendez, 2004). In lungs, alveolar inflammatory cells including lymphocytes, macrophages and neutrophils also produce ROS/RNS. In IPF patients, in addition to these inflammatory cells, fibroblasts and myofibroblast produce high levels of ROS/RNS in response to cytokines and growth factors and are involved in the underlying mechanism of fibrosis development Table 1 (Bergeron et al., 2003; Waghray et al., 2005).
TABLE 1 | Summary of the molecules of the redox system and the implicated process in the IPF participating cells.
[image: Table 1]The main producers of ROS/RNS include nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases, NOXs), myeloperoxidase (MPO), xanthine oxidase, nitric oxide synthase (NOS), and the mitochondrial electron transport chain (Kinnula et al., 2005; Hosseinzadeh et al., 2018b). From the family members of the NOX, the isoforms Nox1, Nox2 and Nox4 have been found to be implicated in the pathogenesis of pulmonary fibrosis but not Nox3 (Masamune et al., 2008; Griffith et al., 2009; Amara et al., 2010). Nox4 is ubiquitously expressed in various cell types of lung tissues including macrophages and structural cells such as smooth muscle cells, endothelial cells, mesenchymal cells, and epithelial cells (Lee et al., 2010a; Harijith et al., 2017). In IPF patients, Nox4 is strongly expressed in fibroblast foci and increases the expression of α-smooth muscle actin (α-SMA), fibronectin and procollagen, which are the most characteristic profibrotic molecules (Griffith et al., 2009; Hecker et al., 2009; Amara et al., 2010). Furthermore, Nox4 plays a critical role in myofibroblast tissue repair functions and fibrogenesis (Hecker et al., 2009). It is well known that TGF-β induces Nox4-dependent ROS production, which, in turn, promotes fibroblast migration (Amara et al., 2010) and this ROS production is also involved in the acquisition of pro-fibrotic myofibroblast phenotypes, including differentiation, contraction, apoptotic resistance, and ECM deposition (Hecker et al., 2009; Cameli et al., 2020). Nox4 expression is also increased in IPF senescent fibroblasts/myofibroblasts (Jarman et al., 2014) and ROS generated by Nox4 promotes senescence and the apoptosis-resistant phenotype (Hecker et al., 2014). Hyperplastic type II AECs from IPF patients’ lungs highly express this NOX isoform (Amara et al., 2010) and Nox4-dependent ROS generation induces epithelial-to-mesenchymal transition (EMT) in alveolar epithelial cells (Hecker et al., 2009; Cameli et al., 2020). Other studies demonstrate that Nox4 is implicated in the profibrotic polarization of macrophages and the genetic removal of Nox4 in macrophages reduces ECM deposition protecting from induced pulmonary fibrosis (He et al., 2019). In addition, Nox4, along with Nox1, Nox2, is also expressed in vascular smooth muscle cells (VSMCs) (Huetsch et al., 2019). A study has reported that Nox4 is highly expressed in thickened pulmonary arteries in IPF patients (Pache et al., 2011). It has been proved that VSMCs are activated by TGF-β1 to induce Nox4, leading to increased VSMCs proliferation (Sturrock et al., 2006). Nox4 expression may be altered in VSMCs and is likely to mediate vascular remodelling that may generate pulmonary hypertension in lungs from IPF patients (Kato and Hecker, 2020). Vascular endothelial cells also express Nox4 (Bernard et al., 2014), ROS generated by Nox4 is implicated in the regulation of endothelial cell motility and angiogenesis. Furthermore, Nox4 expression is higher at sites of angiogenesis within fibrotic regions and adjacent to fibrotic foci (Jarman et al., 2014).
Whereas Nox4 is mainly expressed in fibroblasts and epithelial cells, Nox2, is primarily expressed by neutrophils and macrophages and, to a lesser extent, in structural cells (mesenchymal cells, smooth muscle cells, endothelial cells, and airway epithelial cells) (Harijith et al., 2017). In IPF patients, neutrophils show an increased expression of Nox2 subunits (Kato and Hecker, 2020) and genetic removal of some of these subunits partially protects from the development of fibrosis in lung fibrosis mice models (Manoury et al., 2005; Kato and Hecker, 2020). Nox2-mediated ROS in vascular endothelial cells is implicated in autophagy induction, which contributes to impaired angiogenesis (Teng et al., 2012).
In lungs, NOS is the major enzyme producer of NO. The NOS family includes three isoforms: endothelial (eNOS), neuronal (nNOS) and inducible (iNOS) (Ricciardolo et al., 2004). RNS are mostly generated by iNOS, which is expressed by a huge variety of cells from the respiratory system. In normal conditions, NO has biological roles such as the relaxation of smooth muscle cells in pulmonary and cardiovascular system, however high levels of NO• and NO-derived species may interact with different molecules and modify their function (Ricciardolo et al., 2006). In IPF, the high levels of iNOS expression and nitrotyrosine production in fibroblasts, as well as epithelial cells and macrophages, leads to unusual nitrosative stress. This nitrostive stress modifies different proteins in the lungs facilitating fibrogenesis and progression of the disease (Saleh et al., 1997).
Different studies have demonstrated that NO signal pathway may enhance TGF-β expression in lung fibroblasts and increase the expression of collagen type I and heat-shock protein (HSP) 47 (Hsu et al., 2007; Kliment and Oury, 2010). Further studies have demonstrated NO also seems to promote the expression of ECM-degrading enzymes in fibroblasts (Zeidler et al., 2004; Kliment and Oury, 2010). Additionally, endothelial cells may be involved in lung fibrosis through the production of the free radical NO (Michiels, 2003).
As we have mentioned, mitochondria is a major source of ROS production due to the uncoupling of the electron transport chain (Osborn-Heaford et al., 2012) and this production increases with senescence and ageing (Lee et al., 2002; Kurundkar and Thannickal, 2016). ROS generated by mitochondria are released into the cytosol and have been proved to be crucial in mediating pulmonary fibrosis (Cheresh et al., 2013). The pro-fibrotic factor, TGF-β1, enhances mitochondrial ROS, which have been proven to induce the expression of pro-fibrotic genes during myofibroblast differentiation. Pulmonary fibroblasts from IPF patients show a higher generation of mitochondrial ROS and inhibition of the generation of mitochondrial ROS decreases pro-fibrotic gene expression (Jain et al., 2013). Mitochondrial ROS generation is also increased in bleomycin-induced pulmonary fibrosis (Kim et al., 2016). Additionally, the epithelial cell damage occurring in IPF is linked with increased mitochondrial ROS (Kuwano et al., 2003). In turn, TGF-β1 induces mitochondrial ROS generation through mitochondrial complex IV inhibition in lung epithelial cells (Yoon et al., 2005). Furthermore, upregulation of mitochondrial ROS by TGF-β1 induce senescence in lung epithelial cells (Yoon et al., 2005; Taslidere et al., 2014). It has been suggested that mitochondrial impairment represents a key process for epithelial cell apoptosis in lung fibrosis (Panduri et al., 2009; Rangarajan et al., 2017).
The lung counteracts the damage induced by ROS with a wide variety of antioxidant defences. This endogenous antioxidant system includes small-molecular-weight antioxidants [vitamin E, melatonin, glutathione (GSH), uric acid, etc], classic antioxidant enzymes [superoxide dismutases (SODs), catalase, and glutathione peroxidase (GPx)], other antioxidant enzymes [peroxiredoxins (PRXs), thioredoxins (TRXs)], phase II detoxifying enzymes [glutathione-S-transferase (GST) isozymes, NADP(H), quinone oxidoreductase (NQO1), etc], stress-response proteins [heme oxygenase (HO)-1, ferritin, etc.], mucins (MUC), and metal binding proteins (lactoferrin, transferrin, metallothionein, etc) (Walters et al., 2008). The nuclear factor erythroid 2-related factor 2 (Nrf2) induces the expression of most of the antioxidant and detoxifying enzymes, which makes this factor essential for activating the antioxidant defence system. Under normal conditions, Nrf2 is sequestered in the cytoplasm by binding to Kelch like-ECH-associated protein 1 (KEAP1). In response to stress signals, Nrf2 is released from KEAP1 and translocated into the nucleus, where induces the expression of hundreds of antioxidant genes. Additionally, Nrf2 regulates the expression of genes involved in inflammatory and fibrotic responses (Hybertson et al., 2011). Fibroblasts and myofibroblasts from IPF patients express lower levels of Nrf2 when compared to controls fibroblasts. Activators of Nrf2 inhibit TGF-β1-induced pro-fibrotic effects in IPF fibroblasts and attenuate pulmonary fibrosis in animal models (Artaud-Macari et al., 2013).
In lungs, these antioxidant enzymes are expressed by the bronchial and alveolar epithelial cells and macrophages (Kinnula et al., 2005) and different studies suggest that overexpression of some of these antioxidant enzymes may protect against pulmonary fibrosis (Kang et al., 2003; Gao et al., 2008).
AECs in the lungs produce catalase, which exerts its activity via reducing H2O2 and, therefore, inhibits H2O2-mediated fibroblast activation in IPF lungs (Waghray et al., 2005). As well as epithelial cells, inflammatory cells also express the antioxidant enzyme catalase. It has been reported that intratracheal administration of catalase in asbestos-treated mice prevents the development of pulmonary fibrosis by inhibiting the generation of H2O2 in inflammatory cells (Murthy et al., 2009).
All three isoforms of superoxide dismutase, including extracellular-SOD (EC-SOD), are highly expressed in the lungs. In addition, they play a critical role in induced pulmonary fibrosis models by preventing oxidative stress (Bowler et al., 2002; Rabbani et al., 2005). It has been evidenced that EC-SOD exerts anti-fibrotic effects in lungs through prevention of oxidative degradation of ECM, avoiding the destructive effects of ECM degradation products on pulmonary epithelial and mesenchymal cells (Petersen et al., 2004).
Reduced GSH, a low-molecular weight antioxidant, is synthesized by bronchial epithelial cells and alveolar macrophages. Different studies supported that TGF-β1 suppresses gene expression of glutamate cysteine ligases (GCL), an enzyme implicated in the biosynthesis of GSH, in alveolar epithelial cells (Arsalane et al., 1997; Jardine et al., 2002). Overexpression of the active form of TGF-β1 in mice induces lung fibrosis, and it is associated with downregulation of GCL gene expression, decreased GSH levels in BALF, and increased oxidative stress (Liu et al., 2012).
1.2.1 Evidence of Oxidative Stress Biomarkers in IPF Patients
Given the accepted role of oxidative stress in IPF, it is essential to investigate the presence of oxidative stress biomarkers. These biomarkers could provide clues about the disease progression and prognosis as well as be useful in the clinical assessment of the patients. It was in 1987 when the presence of oxidative stress biomarkers was first described (Cantin et al., 1987) in IPF patients. Since then, several researchers have investigated oxidative stress indicators in this pathology, as is resumed in Table 2.
TABLE 2 | Summary of the oxidative stress biomarkers analysed in different biological specimens of IPF patients.
[image: Table 2]GSH is one of the antioxidant small molecule par excellence and one of the most measured biomarkers. Levels of this antioxidant molecule and its oxidized form, GSSG, have been measured as indicators of oxidative stress in multiple diseases. Regarding IPF, most of the studies reported lower levels of total GHS (reduced (GSH) + oxidized (GSSG), tGSH) and reduced GSH in IPF patients than in controls (Cantin et al., 1989; Borok et al., 1991; Meyer et al., 1994; Rahman et al., 1999; Beeh et al., 2002; Muramatsu et al., 2016; Veith et al., 2017), just two studies found no differences in GSH or tGSH between IPF patients and controls (Meyer et al., 1994; Markart et al., 2009). GSSG levels are found to be similar between IPF patients and controls (Rahman et al., 1999; Veith et al., 2017) or higher in IPF (Markart et al., 2009; Muramatsu et al., 2016). Ratios between the different forms of GSH have also been measured and are shown in Table 2. Most of the studies found no correlation between GSH forms and lung function. However, Beeh et al. (2002) found an inverse relationship between GSH sputum levels and disease severity and a positive correlation between GSH and vital capacity (VC %), Muramatsu et al. (2016) also found an inverse correlation between the change in GSSG and the change in forced vital capacity (FVC).
Another marker for oxidative stress is lipid peroxidation, usually determined through levels of thiobarbituric acid reactive substances (TBARS), and among all the lipid oxidation products the most studied is the malondialdehyde (MDA). These biomarkers were found to be higher in IPF patients when compared to healthy controls (Jack et al., 1996; Rahman et al., 1999). Jack et al. (1996) also found a significant negative correlation between the changes in lipid peroxidation and the changes in VC (%). Isoprostanes are free radical–catalyzed prostaglandin isomers whose generation reflects lipid peroxidation in vivo and, thus, are biomarkers of oxidative stress (Lawson et al., 1999). Concentrations of isoprostanes, especially 8-isoprostane, have been found to be higher in IPF patients compared to controls (Psathakis et al., 2006; Jackson et al., 2010; Chow et al., 2012; Malli et al., 2013; Shimizu et al., 2014). In addition, carbonyl proteins serve as markers of oxidized proteins and concentrations have been found to be higher in IPF patients than in healthy in controls (Lenz et al., 1996; Lenz et al., 2004; Rottoli et al., 2005; Bargagli et al., 2007).
Some studies have also measured the levels of H2O2 and in some cases, concentrations of this marker are higher in IPF patients, and a negative correlation between H2O2 and diffusing capacity of the lungs for carbon monoxide (DLCO) was observed (Psathakis et al., 2006). Other studies, on the other hand, reported no differences between groups (Jackson et al., 2010; Chow et al., 2012).
Hydroperoxide measurements, though are less common, are also used as oxidative stress biomarkers. Concentrations of these biomarkers are significantly higher in IPF patients than in controls. It has also been found a significant positive correlation between concentrations of hydroperoxides and severity of dyspnea or acute exacerbation and a negative correlation between the concentrations of hydroperoxides, FVC, and DLCO (Daniil et al., 2006; Matsuzawa et al., 2015).
Small-molecular-weight antioxidant molecules play a significant role in lung antioxidant defences. These small molecules include GSH, as we have mentioned above, but also other molecules such as vitamins and acid uric, which are also used as oxidative stress biomarkers. A study performed by Markart et al. (2009) reported significantly higher levels of uric acid, ascorbic acid (vitamin C), retinol (vitamin A), and tocopherol (vitamin E) in IPF patients when compared to healthy controls. However, a more recent study has reported that concentrations of uric acid and vitamin C were slightly, but not significantly, lower in IPF patients than in controls (Veith et al., 2017).
The antioxidant capacity can be also measured as an oxidative stress biomarker and, in some studies, it has been found to be significantly lower in IPF patients (Rahman et al., 1999; Jackson et al., 2010; Veith et al., 2017). Another molecule useful in oxidative stress measurements is 3-nitrotyrosine (3-NT) and it has been found to be higher in IPF patients compared to controls. Additionally, it is reported that there is an inverse correlation between 3-NT concentrations and forced expiratory volume (FEV1) (%), FVC (%), VC (%), and total lung capacity (TLC, %) (Chow et al., 2012).
When the biological specimen used is lung tissue, the studied oxidative stress biomarker is usually the expression of proteins or transcription factors implicated in different antioxidant pathways, such as the antioxidant enzyme SOD or the transcription factor Nrf2. ECSOD expression was found to be significantly lower in fibrotic areas when compared to non-fibrotic areas (Kinnula et al., 2006). Furthermore, regarding the antioxidant enzyme peroxiredoxin (PRX) II, it was found that there was no major Prx II oxidation in IPF lungs compared with the normal lung (Vuorinen et al., 2008). On the other hand, Mazur et al. (2010) analysed the Nrf2 –sulfiredoxin-1 (SRX1) pathway. The authors found non-specific cell variability in the expression of the Nrf2 pathway in healthy and fibrotic lungs. By contrast, the expression of SRX1 was increased in IPF compared to controls. Furthermore, the morphometric evaluation revealed that Nrf2 and KEAP1 were significantly increased in the hyperplastic alveolar epithelium compared to the normal alveolar epithelium (Mazur et al., 2010).
A huge number of oxidative stress biomarkers have been described in patients with IPF. Here we have just highlighted the most commonly analysed. The evaluation of these biomarkers could help in the clinical assessment of patients with IPF.
2 ANTIOXIDANT THERAPY IN IDIOPATHIC PULMONARY FIBROSIS
Considering oxidative stress plays a central role in the development and progression of IPF, antioxidant therapies have been proposed for many years. There are a few publications that review the use of antioxidant molecules or NOX inhibitors, naturals and synthetics, as potential therapeutics for lung fibrosis (Kinnula et al., 2005; Day, 2008; Kato and Hecker, 2020; Wang et al., 2021). In this review, we have selected the most advanced studies that include in vitro, in vivo and human evidence that could be translated into future treatments of IPF Summarized in Table 3.
TABLE 3 | Summary of potential therapeutic antioxidants for IPF reviewed in this study.
[image: Table 3]2.1 NOX Inhibitors
2.1.1 Diphenyleneiodonium
Diphenyleneiodonium (DPI) is a potent inhibitor of NOX, which specifically and irreversibly binds to flavin, the membranous component of the NOX. It is the most commonly used and well-studied Nox inhibitor; however, its irreversible binding, lack of specific, poor solubility and toxicity in vivo do not make it the suitable candidate for a therapeutic option (O’Donnell et al., 1993; Kato and Hecker, 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Simplified diagram of the principal molecular mechanisms of the NOX inhibitors Diphenyleneiodonium (DPI), VAS2870, GKT137831 and GKT136901 (GKTs), Apocynin (APO) and Metformin (MET). αSMA: alpha smooth muscle actin; IL-1β: interleuquina 1beta; IL-6: interleuquina 6; iNOS: inducible nitrogen oxide synthase; NFκβ: nuclear factor kappa beta; NOX1,2,4: NADPH oxidases; ROS/RNS: reactive oxygen species/reactive nitrogen species; TGF-β1: transforming growth factor beta 1; TNFα: tumoral necrosis factor alpha Created with Biorender.com.
Even so, DPI has been reported to inhibit collagen type I deposition and proliferation of pulmonary cells after stimulation with IPF sera (Fois et al., 2018). Another study has demonstrated that DPI decreases MPO activity, iNOS expression, intracellular ROS levels, the number of inflammatory cells, and cytokines TNF-α and IL-6 in lipopolysaccharide (LPS)-induced acute lung injury rats (Kim et al., 2019).
2.1.2 VAS2870
Vas2870 was first described as a Nox2 inhibitor but later was described as a pan-NADPH oxidase inhibitor, with no selectivity for any NOX isoform (Wingler et al., 2012). It has been used in different cell models, but it has shown off-target effects due to its unspecific redox mode of action (Kato and Hecker, 2020). However, VAS2870 has been proved to reduce ROS generation restore epithelium barrier integrity and preserve cell viability in LPS-induced injury in alveolar epithelial cells (Li et al., 2020). It has also been reported to protect human pulmonary microvascular endothelial cells against LPS-induced inflammation through inhibiting the generation of ROS (Li et al., 2020); to inhibit phenotypic changes in fibrotic cells, including α-SMA and vimentin expression (Choi et al., 2016); and to suppress growth factor-mediated ROS liberation and migration in VSMC (ten Freyhaus et al., 2006) (Figure 1).
2.1.3 GKT137831 and GKT136901
GKT137831 and GKT136901 were developed by Genkyotex (Geneva, Switzerland) through a high-throughput screening approach to discover small-molecule inhibitors targeting NOX enzymes (Laleu et al., 2010). Both small molecules are Nox4/Nox1 dual inhibitors. GKT137831 has been demonstrated to have strong antifibrotic activity at a low dose with much better efficacy than pirfenidone in curative model of bleomycin-induced pulmonary fibrosis in mice, as it is reported by the company (Gaggini et al., 2011). These Genkyotex compounds have also been reported to have protective effects in different pre-clinical in vitro and in vivo studies (Carnesecchi et al., 2011; Green et al., 2012; Jiang et al., 2012; Wan et al., 2016; Tanaka et al., 2017; Cui et al., 2018) (Figure 1).
In 2010, GKT137831 was granted orphan drug status for the treatment of IPF by the European Commission and is currently in clinical trials for IPF. A phase 2 clinical trial of GKT137831 [GKT137831 in IPF Patients With Idiopathic Pulmonary Fibrosis (GKT137831)] has recently started and it is a placebo-controlled, multicentre, randomized trial to test GKT137831 in ambulatory patients with IPF. The primary outcome is the reduction of the circulating concentrations of o,o’-dityrosine, an oxidative stress biomarker. Changes in concentrations of the collagen degradation and FVC are some of the secondary outcomes (ClinicalTrials.gov Identifier: NCT03865927).
2.1.4 Other NOX Inhibitors
Some other molecules are also claimed to be NOX inhibitors. It is the case of apocynin, a natural organic compound obtained from plants, that was found to have therapeutic effects in animal models of various diseases (Virdis et al., 2016). In particular, it shows a protective and therapeutic effect on bleomycin-induced lung fibrosis in rats (Kilic et al., 2015). However, although this compound is usually defined as a Nox2 inhibitor, several studies have reported that apocynin would have intrinsic antioxidant properties rather than be a Nox inhibitor (Heumüller et al., 2008; Augsburger et al., 2019). On the other hand, we have metformin, an anti-diabetic drug not known primarily for its antioxidant potential, but a recent study has demonstrated that treatment with metformin inhibits TGF-β1–induced Nox4 expression, ROS generation and myofibroblast differentiation in lung fibroblasts in vitro and also attenuates bleomycin-induced lung fibrosis (Sato et al., 2016; Rangarajan et al., 2018). Despite the lack of clinical trials regarding the efficacy of metformin in the treatment of IPF, there is a retrospective study in humans treated with pirfenidone along with metformin; however, its results are not particularly promising (Spagnolo et al., 2018). Only future trials could provide more clues about this (Figure 1).
On the other hand, numerous groups are currently working on the finding or development of new NOX inhibitors that may become a therapeutic option in treating IPF.
2.2 Antioxidant Enhancers and Reactive Oxygen Species Scavenger
2.2.1 N-Acetyl Cysteine
N-acetyl cysteine (NAC) is an l-cysteine derived aminoacid with powerful reductive capacity. This aminothiol is not only a GSH precursor but also presents a direct ROS-scavenging capacity and may induce Nrf2 expression (Cuzzocrea et al., 2001; Sugiura et al., 2009; Ji et al., 2010). These properties have made NAC a broadly used potent antioxidant (Figure 2).
[image: Figure 2]FIGURE 2 | Simplified diagram of the principal molecular mechanisms of the antioxidant enhancers n-acetyl cysteine (NAC), Quercetin (QUER) and Salvianolic acid B (SAL B). αSMA: alpha smooth muscle actin; ARE: antioxidant responsive element; CAT: catalase; CYS: cysteine; GCLC: glutamate cysteine ligase catalytic subunit; GCLM: glutamate cysteine ligase modifier subunit; GLUT: glutamate; GPX: glutathione peroxidase; GSH: glutathione; HO-1: heme oxygenase 1; IL-1β: interleuquina 1beta; IL-6: interleuquina 6; iNOS: inducible nitrogen oxide synthase; NFκβ: nuclear factor kappa beta; NOX1,2,4: NADPH oxidases; NQO1: NAD(P)H:quinone oxidoreductase 1; NRF2: nuclear factor erythroid 2-related factor 2; ROS/RNS: reactive oxygen species/reactive nitrogen species; TGF-β1: transforming growth factor beta 1; TNFα: tumoral necrosis factor alpha; SIRT: sirtuine 1; SOD: supeoxide dismutase Created with Biorender.com.
2.2.1.1 In vitro Cellular Studies
Several in vitro assays have demonstrated that NAC prevents GSH depletion in various cell types such as macrophages, epithelial cells, and fibroblasts (Watchorn et al., 1998; Parmentier et al., 1999; Liu et al., 2004; Felton et al., 2009). NAC has also been reported to inhibit collagen production and EMT in TGF-β1-stimulated murine embryo fibroblasts and rat alveolar epithelial cells, respectively (Liu et al., 2004; Felton et al., 2009). A further study found that NAC significantly diminishes TGF-β1-induced fibronectin and VEGF production as well as α-SMA expression in human lung fibroblasts (Sugiura et al., 2009). These studies implied that NAC may affect the TGF-β1-induced tissue remodelling or fibrotic process in vitro.
Numerous studies have demonstrated that NAC inhibits the production of different inflammatory mediators such as tumour necrosis factor alpha (TFNα), interleukin-8 (IL-8) and matrix metalloproteinase-9 (MMP-9) in epithelial cells, macrophages, and lymphocytes from patients with IPF (Watchorn et al., 1998; Parmentier et al., 1999; Cu et al., 2009; Radomska-Leśniewska et al., 2010).
2.2.1.2 In vivo Animal Studies
The first study that demonstrated the antifibrotic effect of NAC was performed by Shahzeidi et al. (1991). They showed that NAC inhibits collagen accumulation in lungs from rats with bleomycin-induced lung fibrosis (Shahzeidi et al., 1991). Since then, several studies have reported that NAC inhibits several profibrotic mechanisms in bleomycin-induced fibrosis murine models (Myllärniemi and Kaarteenaho, 2015). For instance, aerosolized administration of NAC attenuated bleomycin-induced lung fibrosis in mice via the decrease of the amounts of hydroxyproline, fibrosis and several cytokines’ levels (Hagiwara et al., 2000). Further studies performed by our group showed that treatment with NAC, in bleomycin-exposed rats, decreased the augmented collagen deposition and the inflammatory cells numbers. It also increased GSH levels and decreased MUC5a expression, fibrotic areas, TNF-α levels and MPO activity (Cortijo et al., 2001; Mata et al., 2003; Serrano-Mollar et al., 2003).
More recent animal studies on NAC using lung fibrosis murine models have been performed. In 2012, a study revealed that NAC treatment reversed lysyl oxidase activity to normal levels and increased GSH levels in the lung of bleomycin-induced rats, inhibiting TGF-β1 and α-SMA expression, thus attenuating pulmonary fibrosis (Li et al., 2012). A posterior study demonstrated that administration of NAC-pre-treated human mesenchymal stem cells to nude mice with bleomycin-induced lung injury decreased the pathological grade of lung inflammation and fibrosis, hydroxyproline content and numbers of neutrophils and inflammatory cytokines in BALF and apoptotic cells (Wang et al., 2013). The therapeutic potential of NAC in pulmonary fibrosis was also studied in rats exposed to silica particles. It was demonstrated that NAC treated silica-exposed rats showed significantly lower fibrosis scores, as well as lower levels of hydroxyproline amounts and MDA. NAC also attenuated silica-induced increments in TNF-α, IL-8, high-sensitivity C-reactive protein and ROS content (Zhang et al., 2013; Zhang et al., 2014a).
2.2.1.3 Human Clinical Trials
In contrast to most cases of drug development, animal and human trials with NAC were conducted even earlier than in vitro ones. In vitro assays have shown, indeed, that NAC reduces fibrotic and remodelling processes in fibrosis models. Nevertheless, previously, in vivo animal trials had already suggested that NAC could be a good candidate for clinical trials. All clinical trials regarding NAC are summarized in Table 4.
TABLE 4 | Summary of clinical trials of antioxidant therapies of IPF.
[image: Table 4]In the 1990s, several open-label studies were conducted to analyse the efficacy of the short-term treatment of NAC in patients with various types of pulmonary fibrosis. These studies reported that total GSH levels increased and pulmonary function tests significantly improved after therapy with NAC (Meyer et al., 1994; Meyer et al., 1995; Behr et al., 1997).
The first clinical trial that assesses the effectiveness of NAC in IPF therapy was the IFIGENIA, which purpose was to determine whether NAC added to prednisone and azathioprine was more effective than the standard therapy with prednisone plus azathioprine. This study showed the three-drug therapy preserved VC and DLCO in IPF patients better than standard therapy (Demedts et al., 2005) (ClinicalTrials.gov Identifier: NCT00639496).
In the IFIGENIA trial, all patients received the combination of the three drugs but none, NAC alone. Thus, in order to study the effectiveness of NAC monotherapy for the treatment of IPF, it was conducted the PANTHER trial. Initially, subjects who have IPF were randomly assigned to receive: 1) three-drug regimen (NAC, prednisolone, and azathioprine), 2) NAC and placebo, or 3) placebo. After performing a midpoint analysis of the study, the three-drug regimen was stopped due to safety concerns. For this reason, the entire study was interrupted for 3 months but later continued. The primary outcome was the change in FVC over 60 weeks. Results showed that acetylcysteine offered no significant benefit concerning the preservation of FVC in patients with IPF when compared with placebo (Izumi et al., 2012; Martinez et al., 2014) (ClinicalTrials.gov number, NCT00650091).
Following this line, a phase III clinical trial evaluating the efficacy and safety of combined therapy with pirfenidone and inhaled NAC for IPF was conducted in Japan. The primary outcome was a change in FVC. Data showed there was no difference between the two groups in the change in FVC. Therefore, combination therapy did not bring any clinical benefit (Sakamoto et al., 2021) (University Hospital Medical Information Network registration number UMIN000015508). In addition to this study, a similar phase II trial was conducted, the PANORAMA study. The aim was to assess the safety and tolerability of NAC in IPF patients receiving background pirfenidone therapy. Again, findings suggested that the addition of NAC to pirfenidone does not substantially alter the tolerability profile of pirfenidone and is unlikely to be beneficial in IPF (Behr et al., 2016) (ClinicalTrials.gov Identifier: NCT02707640).
In 2015, a post hoc exploratory analysis of subjects enrolled in the PANTHER-IPF clinical trial was conducted to determine whether specific polymorphisms in toll-interacting protein (TOLLIP) and MUC5B genes modified the efficacy of NAC. These genes have been associated with IPF susceptibility and survival. TOLLIP encodes toll-interacting protein (TOLLIP), which is inhibitory of toll-like receptors, which are, in turn, responsible for the activation of inflammatory, oxidative and immune response pathways. This post hoc study showed that NAC might improve prognosis in genetically predisposed individuals, specifically, those carrying an rs3750920 (TOLLIP) TT genotype (Oldham et al., 2015). In order to assess this hypothesis, it has been proposed a genotype-stratified clinical trial: the PRECISIONS trial. The purpose of this study is to compare the effect of NAC plus standard care in patients diagnosed with IPF who have the TOLLIP rs3750920 TT genotype and it will compare the time to a composite endpoint of relative decline in lung function. Recruitment is ongoing and the study is estimated to finish in 2025. Thus, no results are published yet (ClinicalTrials.gov Identifier: NCT04300920).
Furthermore, a further phase I/II open label pilot study has been recently proposed to investigate the safety and tolerability of inhaled NAC in patients with IPF. It is titled “Pilot Study to Evaluate Inhaled N-Acetylcysteine in Pulmonary Fibrosis.” The primary outcomes are changes in pulmonary function: FVC and DLCO. This study faced different challenges during enrolment due to the COVID-19 epidemic and it is withdrawn at this moment. It is estimated to start at the beginning of 2022 and finish at the end of 2023 (ClinicalTrials.gov Identifier: NCT03720483).
2.2.2 Quercetin
The antioxidant quercetin (3,3′,4′,5,7-pentahydroxyflavone) is a polyphenolic plant flavonoid ubiquitously present in vegetables and fruit as well as tea and red wine (Formica and Regelson, 1995; D’Andrea, 2015). It is a potent direct ROS scavenger but, also, indirectly, exerts its antioxidant function via activating the Nrf2 pathway and inducing Nrf2-regulated genes, such as NQO1, HO-1, GPX1, etc. (Tanigawa et al., 2007; Veith et al., 2017). However, quercetin has not only strong antioxidant but also anti-inflammatory capacities (Boots et al., 2008; Impellizzeri et al., 2015) (Figure 2).
Quercetin is also known as a senolytic drug, which induces selective elimination of senescent cells. It is usually used in combination with dasatinib, a tyrosine kinase inhibitor used in the treatment of some cancers (Cazzola et al., 2018; Sellarés and Rojas, 2019).
2.2.2.1 In vitro Cellular Studies
Different studies have reported that quercetin induces expression of HO-1 in macrophages, preventing H2O2-induced apoptosis (Chow et al., 2005) and in mouse fibroblasts and normal human lung fibroblasts suppressing TGF-β-induced collagen production (Nakamura et al., 2011). Quercetin was also reported to inhibit the liberation of inflammatory cytokines such as TNF-α, IL8 and IL6 in macrophages (Manjeet and Ghosh, 1999) and alveolar epithelial cells (Geraets et al., 2007; Gauliard et al., 2008).
Furthermore, several investigations have demonstrated that quercetin has antifibrotic properties and inhibit skin, liver, or kidney fibrosis (Lee et al., 2003; Phan et al., 2003; Ren et al., 2016). In lung cells, quercetin has been reported to inhibit proliferation and expression of TBFβ1 in human embryonic lung fibroblasts activated by silicotic alveolar macrophages (Peng et al., 2013). Quercetin also suppresses bleomycin-induced EMT and intracellular level of ROS in alveolar type II-like cells (Takano et al., 2020). It has also been that this flavonoid ameliorates pulmonary fibrosis in TGF-β-treated human embryonic lung fibroblast (Zhang et al., 2018c).
Finally, quercetin along with dasatinib have been proved to be a powerful senolytic cocktail. Studies in vitro and ex vivo using primary fibrotic mouse alveolar epithelial type II and primary human fibroblasts demonstrated that treatment with this senolytic combination attenuates fibrotic mediator expression, such as senescence-associated secretory phenotype factor and extracellular matrix markers (Lehmann et al., 2017; Schafer et al., 2017).
2.2.2.2 In vivo Animal Studies
Several studies have highlighted the protective effect of quercetin in various pulmonary fibrosis models, exercising anti-inflammatory and antifibrotic effects. In 2008, a study demonstrated that quercetin, although not influencing collagen deposition, attenuates the pulmonary oxidative stress and inflammatory in bleomycin-induced lung fibrosis hamster model (Martinez et al., 2008). Liposomal quercetin was demonstrated to attenuate bleomycin-induced pulmonary fibrosis in vivo by the suppression of inflammatory cytokines (TNF-α, IL-1β, and IL-6) and the diminish of total cells and macrophage counts in BALF. Moreover, treatment with liposomal quercetin produced a significant reduction of hydroxyproline content and apparently lessened areas of lung fibrosis and collagen deposition (Baowen et al., 2010). Furthermore, quercetin treatment was shown to reduce the expression of collagen, fibronectin, and MMP-7, decrease the level of inflammatory cytokines such as TNF-α and enhance Nrf2-induced pulmonary antioxidant defences (Verma et al., 2013; Boots et al., 2020). Thus, this demonstrates quercetin exerts anti-fibrogenic and anti-inflammatory effects, possibly via modulation of the redox balance by inducing Nrf2.
The effect of quercetin was also studied on pulmonary fibrosis induced by silica particles in rat models. Quercetin was demonstrated to reduce hydroxyproline content, and increase catalase and GPx activity (Liu et al., 2014a). Quercetin and dihydroquercetin also showed a protective effect against inflammatory processes associated with pulmonary fibrosis in bleomycin mice models. It was reported inhibition of oedema formation and body weight loss, as well as amelioration of polymorphonuclear infiltration into the lung tissue and reduction of the number of inflammatory cells in BALF. Moreover, these polyphenols suppressed iNOS, preventing oxidative and nitrosative lung injury (Impellizzeri et al., 2015). Moreover, these polyphenols suppressed iNOS, preventing oxidative and nitrosative lung injury (Impellizzeri et al., 2015).
The effects of quercetin have also been studied in combination with other compounds. Schafer et al. (2017) demonstrated that the combination of quercetin with dasatinib, the senolytic cocktail, attenuates bleomycin-mediated lung injury in mice. Quercetin has also been combined with gallic acid, another potent natural antioxidant, to investigate their protective effect against bleomycin-induced pulmonary fibrosis in rats. The combination treatment demonstrated a remarkable decrease in lung hydroxyproline and TNF-α level and an increase in catalase activity. The combination treatment also significantly enhanced lung SOD activity and GSH level and decreased NO and IL-6 levels (Mehrzadi et al., 2020).
2.2.2.3 Human Clinical Trials
As mentioned in the previous paragraphs, quercetin is able to reduce oxidative stress and fibrotic processes such as EMT in different IPF effector cells. In addition, several in vivo studies have reported that quercetin has antifibrotic and anti-inflammatory effects through modulation of the redox balance probably by activation of Nrf2, among others. However, there are no human clinical trials testing quercetin treatment in IPF patients. On the other hand, the beneficial effect of quercetin supplementation on markers of oxidative stress and inflammation in other interstitial lung diseases, such as sarcoidosis, has been studied in different clinical trials (Boots et al., 2009; Boots et al., 2011) (ClinicalTrials.gov Identifier: NCT00402623 and NCT00512967).
Nevertheless, since in vitro and in vivo studies have demonstrated that the senolytic cocktail of quercetin and dasitinib is effective in IPF models, between 2016 and 2018, it was performed the first-in-human, small scale, pilot clinical trial to assess the feasibility, acceptability, best methods, and measurement characteristics of potential study outcomes for the senolytic drug combination dasatinib and quercetin in stable IPF patients. It was titled “Targeting Pro-Inflammatory Cells in Idiopathic Pulmonary Fibrosis: a Human Trial (IPF)” The primary endpoints were retention rates and completion rates for planned clinical assessments. Secondary endpoints were safety and change in functional and reported health measures. This first-in-humans open-label pilot study provided initial evidence that senolytics may improve the 6-min walk distance in IPF (Justice et al., 2019) (ClinicalTrials.gov identifier: NCT02874989) Summarized in Table 4.
2.2.3 Salvianolic Acid B
Salvianolic acid B (Sal B) is one most active phenolic acids extracted from Salvia miltiorrhiza, Danshen. It shows strong antioxidant, anti-inflammatory, antifibrotic, and anti-apoptotic capacities (Cao et al., 2012). It can exert its antioxidant effects by directly scavenging ROS or by increasing the expression of different antioxidant enzymes such as SOD, GPx, and HO-1 or inhibiting the expression of Nox2 and Nox4; being the regulation of the Nrf2 pathway the core target of these antioxidant mechanisms (Xiao et al., 2020) (Figure 2).
2.2.3.1 In vitro Cellular Studies
Sal B was found to inhibit TGF-β1-induced cell proliferation, differentiation, expression collagen type I, endogenous TGF-β1 production, and α-SMA expression in lung fibroblasts (Jiang et al., 2009; Zhang et al., 2011; Zhang et al., 2014b; Liu et al., 2016c), as well as EMT of alveolar epithelial cells (Liu et al., 2016c). A recent study has demonstrated that Sal B exerts an anti-inflammatory role by protecting endothelial cells from oxidative stress injury (Liu et al., 2018b). A further study has also demonstrated that Sal B inhibits LPS-induced inflammation in vitro, by down-regulating the protein expression of pro-inflammatory cytokine such as IL-1β and TNF- α (Jiang et al., 2020). Sal B treatment was also reported to reduce ROS production and inhibit myofibroblast transdifferentiation via the up-regulation of the Nrf2 pathway in human lung fibroblasts (Liu et al., 2018a).
2.2.3.2 In vivo Animal Studies
Results from various bleomycin-induced pulmonary fibrosis in vivo studies showed that Sal B treatment ameliorates lung fibrosis, inhibits inflammatory cell infiltration and diminishes inflammatory cytokine production. It also reduces collagen accumulation and α-SMA expression, increases the expression of Nrf2 and protects endothelial cells against oxidative stress injury and inhibits endothelial cell apoptosis (Liu et al., 2015; Liu et al., 2016c; Liu et al., 2018b; Zhang et al., 2021). Sal B was also reported to protect against paraquat-induced pulmonary fibrosis by mediating Nrf2/Nox4 redox balance, as increased Nrf2 expression and reduced Nox4 one, and TGF-β1/Smad3 signalling (Liu et al., 2016a).
2.2.3.3 Human Clinical Trials
As we have reviewed above, Sal B has been reported to reduce different fibrotic processes such as proliferation, TGF-β1 expression, EMT or myofibroblast transdifferentiation in in vitro models of fibrosis. In vivo studies have also demonstrated that Sal B protects from fibrosis and inflammation in bleomycin and paraquat models probably by upregulating Nrf2. As it is usual in this kind of compound, there is no clinical trial testing the effects of Sal B on its own.
Nevertheless, in 2017 it was started an open label clinical trial of Chinese herbal medicine for IPF (“The Effectiveness of an Empirical Chinese Medicine Formulation for Idiopathic Pulmonary Fibrosis: an Open Label Clinical Trial”), whose aim was to determine whether treatment with the herbal formula PROLUNG could improve IPF symptoms, respiratory function and the quality of life compared with pretreatment baseline. The primary outcome was the annual rate of change in FVC. The PROLUNG formula contained, among others, Radix Salviae Miltiorrhizae, the main bioactive compound of which is Sal B. Unfortunately, the trial was terminated in 2021 due to difficulties recruiting eligible patients (ClinicalTrials.gov Identifier: NCT03274544) Summarized in Table 4.
2.2.4 Epigallocatechin Gallate
Epigallocatechin gallate (EGCG) is a polyphenol, the ester from epigallocatechin and gallic acid, and the major biological component of green tea, even though it can be also found in some other vegetables such as onions, hazelnuts and plums (Tsai et al., 2019). EGCG has a potent radical scavenging activity towards both superoxide and hydroxyl radicals, as well as, peroxyl radicals, nitric oxide, carbon-centered ROS and lipid oxidation products (Salah et al., 1995; Nanjo et al., 1999; Zhang et al., 2007a). Several studies have shown that EGCG acts not only as an antioxidant but also as an antiapoptotic, anti-inflammatory and antifibrotic agent (Nagai et al., 2002a; Sriram et al., 2009b; Oz, 2017; Minnelli et al., 2018). Another study suggests that EGCG can act as an antioxidant directly but also indirectly by increasing the activity of other antioxidants or enzymes (Negishi et al., 2004; Zhang et al., 2007a). This catechin may also participate in the regulation of mitochondrial metabolism (Shi et al., 2018b) (Figure 3).
[image: Figure 3]FIGURE 3 | Simplified diagram of the principal molecular mechanisms of the antioxidant enhancers Epigallocatechin (EGCG), Tanshinone IIA (TAN IIA), Crocin (CRO) and Echinochrome A (ECH A). αSMA: alpha smooth muscle actin; ARE: antioxidant responsive element; CAT: catalase; CYS: cysteine; GCLC: glutamate cysteine ligase catalytic subunit; GCLM: glutamate cysteine ligase modifier subunit; GLUT: glutamate; GPX: glutathione peroxidase; GSH: glutathione; HO-1: heme oxygenase 1; IL-1β: interleuquina 1beta; IL-6: interleuquina 6; iNOS: inducible nitrogen oxide synthase; NFκβ: nuclear factor kappa beta; NOX1,2,4: NADPH oxidases; NQO1: NAD(P)H:quinone oxidoreductase 1; NRF2: nuclear factor erythroid 2-related factor 2; ROS/RNS: reactive oxygen species/reactive nitrogen species; TGF-β1: transforming growth factor beta 1; TNFα: tumoral necrosis factor alpha; SIRT: sirtuine 1; SOD: supeoxide dismutase Created with Biorender.com.
2.2.4.1 In vitro Cellular Studies
The protective role of EGCG was investigated in vitro inducing fibroblast cell lines with TGF-β1. Simultaneous treatment with EGCG inhibited the increased fibroblast proliferation, reduced hydroxyproline levels and decreased expression of MMP-2 and -9, p-Smad, α-SMA and type I collagen. Thus, EGCG inhibited fibroblast activation and collagen accumulation by inhibiting TGF-β1 signalling (Sriram et al., 2015). Another experimental study explored the effect of EGCG on gene expression in pulmonary fibroblasts from IPF patients. The gene expression changes observed were mainly involved in the biosynthesis and metabolism of cholesterol, suggesting that EGCG may exercise its effects through regulation of the cholesterol-associated genes (Tsai et al., 2019).
Despite there are not many in vitro studies that explore the therapeutic potential of EGCG in pulmonary fibrosis, there are several that investigate its effects in inflammatory processes. For instance, EGCG is shown to inhibit neutrophil elastase and elastase-mediated activation of MMP-9 (Sartor et al., 2002). Another in vitro study has also revealed that EGCG suppresses ROS activity and inhibits apoptosis and chemokine-induced chemotaxis in activated neutrophils (Donà et al., 2003). In addition, EGCG is demonstrated to reduce neutrophil transmigration through monolayers of endothelial cells (Hofbauer et al., 1999).
2.2.4.2 In vivo Animal Studies
In 2003, Donà et al. (2003) demonstrated that both oral EGCG and green tea extract block neutrophil recruitment and neutrophil-mediated angiogenesis in vivo in an inflammatory angiogenesis mouse model induced by macrophage inflammatory protein-2 and LPS. They also showed that oral administration of green tea extract reduced inflammatory cell infiltration and the patchy fibrosis in pulmonary fibrosis and inflammation mouse model induced by intratracheal instillation of fluorescein isothiocyanate (FITC) (Donà et al., 2003).
Further studies demonstrated that EGCG administration alleviates the oxidative stress generated during bleomycin-induced pulmonary fibrosis in rat models. Furthermore, administration of this compound improved body weight and enzymic and non-enzymic antioxidants. It also decreased levels of ROS, lipid peroxidation, hydroxyproline, and the activity of myeloperoxidase. On the other hand, it increased cell counts. EGCG treatment also decreased the increased expression of nuclear factor-kB, TNF-α, IL-1b, MMP-2, and 9, TGF-β1, Smads, and α-SMA; restored the activities of antioxidant enzymes such as GST and NQO1; and induced Nrf2 (Sriram et al., 2008; Sriram et al., 2009a; Sriram et al., 2015).
A study from 2014 showed that EGCG treatment provides antioxidant, anti-inflammatory, and anti-proliferative effects that protect against irradiation-induced pulmonary fibrosis in rats. Treatment with EGCG reduced mortality rates and lung index scores; improved histological changes in the lung; reduced collagen depositions and MDA content; enhanced SOD activity; inhibited (myo) fibroblast proliferation; protected alveolar epithelial type II (AE2) cells; and regulated serum levels of TGF-β1, IL-6, IL-10, and TNF-α. Treatment with EGCG also activated Nrf2 and its downstream antioxidant enzymes HO-1 and NQO-1 (You et al., 2014).
2.2.4.3 Human Clinical Trials
It has been demonstrated, as we have reviewed above, in in vitro studies that treatment with EGCG inhibits fibroblast proliferation, among others fibrotic processes, and, mainly, inflammatory processes. In several in vivo assays, it has been reported that EGCG provides antioxidant, anti-inflammatory and antifibrotic protection in different IPF models mainly via activation of the Nrf2 pathway.
Based on of these preclinical studies, in 2018, started an open label trial to test the effects of oral EGCG treatment on lung tissues and serum samples obtained from 20 patients with IPF and it is titled “Fibroblast Specific Inhibition of LOXL2 and TGFbeta1 Signaling in Patients With Pulmonary Fibrosis.” Half of the patients were given orally EGCG before they underwent biopsy, and the other half did not receive the treatment. EGCG treatment reversed profibrotic biomarkers in their diagnostic biopsies: type I collagen, snail family transcriptional repressor and phosphorylated SMAD3 levels were significantly lower in treated patients. This study is in an early phase; therefore, future results are expected in coming years (Chapman et al., 2020) (ClinicalTrials.gov Identifier: NCT03928847) Summarized in Table 4.
The same authors that conducted the open label study extended these findings to advanced pulmonary fibrosis using cultured precision-cut lung slices from explants of IPF patients undergoing transplantation. They discovered EGCG attenuate TGF-β1 signalling and new collagen accumulation and activated MMP-dependent collagen I turnover (Wei et al., 2021).
2.2.5 Tanshinone IIA and Sodium Tanshinone IIA Sulfonate
Tanshinone IIA (TanIIA) is an active compound in Salvia miltiorrhizae Bunge, also known as Danshen, with numerous pharmacological activities, including antioxidant, anti-inflammatory, anticancer, and cardio-cerebrovascular protection activities (Cai et al., 2016). Due to the strong liposubility of TIIA, some researchers use its water-soluble derivative form, Sodium tanshinone IIA sulfonate (STS), which is reported to have superior bio-availability and similar pharmacological activity to TanIIA (Chen et al., 2016; Chen et al., 2017). It has also been reported that TanIIa exerts its cytoprotective effect through inhibition of ROS via activation of the Nrf2 pathway (Zhang and Wang, 2007) (Figure 3).
2.2.5.1 In vitro Cellular Studies
TanIIA was reported to suppress TGF-β1-induced EMT and collagen I production in lung alveolar epithelial cells (Tang et al., 2015). Another study demonstrated in mouse embryonic fibroblasts that TanIIA inhibits myofibroblast activation through restoring redox homeostasis by activating Nrf2 and suppressing Nox4. Additionally, it was demonstrated TanIIA may activate Nrf2/GSH signalling to restrain myofibroblast proliferation by limiting glutamate availability to support cell growth (An et al., 2019). A more recent study has demonstrated that TanIIA inhibits silica-induced EMT and reduces oxidative stress via activation of the Nrf2 pathway in human alveolar epithelial cells and human bronchial epithelial cells (Feng et al., 2020b).
Similarly, STS was reported to ameliorate silica-induced cell proliferation and oxidative stress via activation of the Nrf2 and thioredoxin system in a coculture model of macrophages and pulmonary fibroblasts (Zhu et al., 2016). More recently, in vitro studies with pulmonary fibroblasts have reported that STS inhibits inflammation via downregulation of IL-1β and TNF-α. Additionally, STS was reported to inhibit TGF-β1-induced proliferation and α-SMA and collagen I overexpression in pulmonary fibroblasts (Jiang et al., 2020).
2.2.5.2 In vivo Animal Studies
Wu et al. (2014) showed that TanIIA treatment attenuates bleomycin-induced pulmonary fibrosis and inflammation and decreases expression of TGF-β1 via modulating angiotensin-converting enzyme 2/angiotensin-(1–7) axis in rats. Later, other studies demonstrated that TanIIA mitigates bleomycin-induced pulmonary fibrosis, myofibroblast activation, collagen deposition, inflammatory cell infiltration and pro-inflammatory cytokine release in murine models (He et al., 2015; Tang et al., 2015; An et al., 2019). Additionally, it was also reported that TanIIA treatment reduces oxidative stress biomarker MDA levels and inhibits COX-2-associated oxidative reaction and iNOS-derived NO production (He et al., 2015). Furthermore, several studies have demonstrated that TanIIA attenuates silica-induced pulmonary fibrosis in rats via TGF-β1/Smad signalling suppression, Nox4 inhibition and Nrf2/ARE signalling activation. They also reported an Nrf2-mediated inhibition of EMT and a decrease in oxidative stress biomarkers (Feng et al., 2019; Feng et al., 2020a; Feng et al., 2020b).
In 1994, Wang, He and Zhang studied the effects of STS treatment against bleomycin-induced pulmonary fibrosis in rats. They revealed STS decreases levels of lipid peroxides and hydroxyproline, ameliorating fibrosis (Wang et al., 1994). More recent studies have demonstrated that STS reduces ROS and MDA production and collagen deposition, thereby attenuating silica-induced pulmonary fibrosis in rats, via activation of the Nrf2 and thioredoxin system (Zhu et al., 2016; Zhu et al., 2020).
2.2.5.3 Human Clinical Trials
Despite the promising preclinical results that have demonstrated TanIIA activates the Nrf2 pathway and ameliorates different fibrotic processes in IPF models, there are no clinical trials on TanIIA. On the other hand, there are some clinical trials on STS regarding various diseases but none regarding pulmonary fibrosis.
2.2.6 Resveratrol
Resveratrol (3,5,4-trihydroxystilbene) is a nonflavonoid polyphenolic compound found in multiple plant species, including grapes and peanuts. Resveratrol has been reported to exert a vast number of health benefits, such as antioxidant, anti-inflammatory, antifibrotic, antiviral, and anticancer activities, through many different mechanisms of action (Tomé-Carneiro et al., 2013; Ma and Li, 2020). Several studies have highlighted the therapeutic effects of resveratrol against lung diseases mainly by decreasing oxidant stress and inhibiting inflammatory responses (Conte et al., 2015; Ma and Li, 2020). One of the protective mechanisms of resveratrol par excellence is the activation of the Nrf2 pathway and, therefore, the induction of the expression of several antioxidants enzymes and the regulation of GSH homeostasis (Zhu et al., 2017) (Figure 4).
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2.2.6.1 In vitro Cellular Studies
Resveratrol was demonstrated to inhibit both fibroblast proliferation and differentiation into myofibroblast. In addition, different results demonstrated that resveratrol represses TGF-β1-induced collagen production, lung fibroblast proliferation (both normal and IPF lung fibroblasts) and attenuates α-SMA expression (Fagone et al., 2011). He et al. (2012) demonstrated that resveratrol suppresses oxidative stress and fibrogenic responses induced by paraquat (a fibrosis inducer herbicide) through activation of the Nrf2 pathway and, thus, inducing cytoprotective genes, such as HO-1 and NQO1. A posterior study showed resveratrol was able to repress and reverse myofibroblasts TGF-β- and/or CXCL12-mediated transformation (Mehrzadi et al., 2020). Resveratrol was also reported to inhibit the liberation of inflammatory cytokines such as IL-8 and IL-6 in lung epithelial cells (Gauliard et al., 2008).
2.2.6.2 In vivo Animal Studies
Resveratrol has been shown to produce antifibrotic effects in murine models of various diseases such as renal, cardiac, and hepatic fibrosis (Conte et al., 2015). In the context of pulmonary fibrosis, resveratrol was demonstrated to ameliorate oxidative injury and fibrosis induced by bleomycin due to its antioxidant properties (Sener et al., 2007). Similarly, posteriors studies confirmed the promising potential of resveratrol on the treatment of fibrosis in the same bleomycin-induced pulmonary fibrosis rat model (Akgedik et al., 2012; Wang et al., 2018). Further studies demonstrated that treatment with resveratrol ameliorates LPS-induced EMT and pulmonary fibrosis through suppression of oxidative stress and TGF-β1/Smad signalling pathway (Zhang et al., 2015). Additionally, resveratrol has been reported to abolish bleomycin- and particulate matter-induced lung inflammation and fibrosis (Impellizzeri et al., 2015; Ding et al., 2019).
2.2.6.3 Human Clinical Trials
It has been demonstrated resveratrol is able to inhibit several fibrotic processes through suppression of oxidative stress in in vitro and in vivo assays, as we have explained above. Nevertheless, it seems the obtained results have not provided sufficient preclinical evidence to consider resveratrol a good candidate for human trials. Indeed, none of the clinical trials on resveratrol registered in https://clinicaltrials.gov regards lung diseases.
2.2.7 Sulforaphane
Sulforaphane (SFN) is an organosulfur compound, mainly found in cruciferous vegetables, with indirect antioxidant activity via the Nrf2-mediated induction of phase II detoxifying enzymes (Elbarbry and Elrody, 2011; Kim and Park, 2016) (Figure 4).
2.2.7.1 In vitro Cellular Studies
SFN treatment was reported to decrease oxidants and to induce Nrf2 expression, antioxidants, and myofibroblast dedifferentiation in normal and IPF fibroblasts (Artaud-Macari et al., 2013). Various studies in human and rat alveolar epithelial cells have also demonstrated that activation of the Nrf2 antioxidant pathway by SFN protects against ROS production and TGF-β1-induced EMT (Zhou et al., 2016; Zhang et al., 2018d; Qu et al., 2019). SFN has also been proved to attenuate TGF-β1-induced expression of fibrosis-related proteins, such as fibronectin, collagen I, collagen IV, and α-SMA in human alveolar epithelial cells and human fibroblasts (Kyung et al., 2018; Liu et al., 2021).
2.2.7.2 In vivo Animal Studies
Several studies have reported that SFN has antifibrotic and antioxidant activity in various animal models (Elbarbry and Elrody, 2011). SFN treatment of bleomycin-induced pulmonary fibrosis attenuates fibrosis, apoptosis and lung oxidative stress by increasing the expression of antioxidant enzymes, NQO1, HO-1, SOD and catalase, via upregulation of Nrf2 gene expression (Yan et al., 2017). Another study reported that SFN decreases bleomycin-induced fibronectin expression, TGF-β1 expression, and the levels of collagen I in bleomycin-induced pulmonary fibrosis mouse model (Kyung et al., 2018).
2.2.7.3 Human Clinical Trials
As we have mentioned above, several in vitro and in vivo studies using SFN have reported promising results in pulmonary fibrosis models via the activation of Nrf2, which is its main target. Nevertheless, there are no clinical trials on IPF. On the other hand, SFN has been used in several clinical trials to treat a wide variety of diseases such as cancer, neurological disorders, asthma, allergies and Chronic Obstructive Pulmonary Disease (COPD).
2.2.8 Melatonin
Melatonin (N-acetyl-5-methoxytryptamine) is the main secretory product of the pineal gland and, along with its metabolites, is a potent antioxidant with lipophilic and hydrophilic characteristics (Reiter et al., 2016; Hosseinzadeh et al., 2018b). Melatonin can exert its antioxidant effects by either directly scavenging ROS and RNS or by indirectly up-regulating the expression and activities of endogenous antioxidants (Reiter et al., 2016). The antioxidant actions of melatonin are both receptor-dependent and independent (Reiter et al., 2007). In addition to regulating oxidative stress, melatonin modulates a variety of molecular pathways such as circadian biology, inflammation, proliferation, apoptosis and cellular injury (Wang, 2009; Jin et al., 2014; Vriend and Reiter, 2015; Hosseinzadeh et al., 2018a). Several studies have revealed that melatonin is able to induce the expression of GSH and various antioxidant enzymes such as catalase, SOD, and GPx, as well as to activate the Nrf2 signalling pathway (Swiderska-Kołacz et al., 2006; Santofimia-Castaño et al., 2015; Goc et al., 2017) (Figure 4).
2.2.8.1 In vitro Cellular Studies
Various studies have reported that melatonin treatment upregulates Nrf2 expression, reduces ROS production and MDA levels, and prevents LPS- or TGF-β1-induced EMT in alveolar epithelial cells (Yu et al., 2016; Ding et al., 2020). Melatonin has also been reported to inhibit the expression of TGF-β1, collagen I and SMAD3 phosphorylation in pulmonary cells exposed to cigarette smoke and LPS (Shin et al., 2017). Different studies have also demonstrated that melatonin suppresses acrolein-induced IL-8 production in human pulmonary fibroblasts (Kim et al., 2012) and inhibits TGF-β1-induced fibrogenesis in mouse lung fibroblasts (Zhao et al., 2018). It also attenuates chromium-induced lung injury by reducing the production of oxidative stress and inflammatory mediators and by inhibiting cell apoptosis via activation of the Nrf2 signalling pathway in mouse lung epithelial cells (Han et al., 2019). Additionally, it has been reported that lipid-core nanocapsules of melatonin reduced oxidative DNA damage detected in alveolar epithelial cells treated with paraquat (Charão et al., 2015).
2.2.8.2 In vivo Animal Studies
Several studies have investigated the effects of melatonin on bleomycin-induced pulmonary fibrosis in murine models and have found that melatonin prevents lung fibrosis development by suppressing oxidative stress and protein and lipid peroxidation (Arslan et al., 2002; Genovese et al., 2005; Yildirim et al., 2006; Karimfar et al., 2015; Zhao et al., 2018). Melatonin has also been reported to inhibit endoplasmic reticulum stress and EMT in bleomycin-induced pulmonary fibrosis in mice (Zhao et al., 2014). Furthermore, treatment with melatonin has been shown to attenuate chromium-induced lung injury via activating the Nrf2 pathway in rats (Han et al., 2019) and also to reduce leukocyte and macrophage inflammation and fibrosis in carbon tetrachloride-induced oxidative lung damage in rats (Taslidere et al., 2014).
2.2.8.3 Human Clinical Trials
Despite the several in vitro and in vivo assays demonstrating that melatonin reduces different processes involved in fibrosis, such as apoptosis or fibrogenesis, there are no clinical trials regarding pulmonary fibrosis.
2.2.9 Curcumin
Curcumin (diferuloylmethane) is a polyphenol compound, contained in the spice turmeric and isolated from the rhizome of the plant Curcuma longa. Curcumin has been found to have a multitude of pharmacological properties such as anticancer, antiviral, antiarthritic, anti-amyloid, antioxidant, and anti-inflammatory properties. The underlying mechanisms of these effects appear to involve the regulation of various molecular targets, including transcription factors, growth factors, inflammatory cytokines, protein kinases and other enzymes. Curcumin exerts its antioxidant activities directly, by scavenging superoxide anion and hydroxyl radicals, and indirectly by, among others, activating the Nrf2 pathway and inducing the expression of different antioxidant enzymes such as HO-1 (Lee et al., 2010b; Zhou et al., 2011; Lelli et al., 2017) (Figure 4).
2.2.9.1 In vitro Cellular Studies
Several studies demonstrated that curcumin inhibits collagen I deposition, expression of α-SMA and vimentin, as well as proliferation and differentiation in TGF-β-induced human and mouse lung fibroblasts or IPF fibroblasts (Smith et al., 2010; Liu et al., 2016b; Chen et al., 2019; Saidi et al., 2019; Chun-Bin et al., 2020). Curcumin has also been reported to protect lung mesenchymal stem cells from H2O2 and to block the radiation-induced generation of ROS by upregulating the expression of Nrf2 and HO-1 (Lee et al., 2010b; Ke et al., 2020).
2.2.9.2 In vivo Animal Studies
Numerous in vivo experiments have demonstrated the antifibrotic potential of curcumin. Treatment with curcumin has been reported to inhibit the release of inflammatory cytokines, the expression of fibronectin, vimentin and TGF-β1, the hydroxyproline content, the ECM accumulation, the collagen I and IV deposition, the production of TNF-α, superoxide, NO and MDA as well as to raise the expression of SOD and GPX in bleomycin-induced pulmonary fibrosis murine models (Punithavathi et al., 2000; Zhou et al., 2006a; Zhou et al., 2006b; Zhang et al., 2007b; Xu et al., 2007; Chen et al., 2008; Zhao et al., 2008; Smith et al., 2010; Durairaj et al., 2020).
Other pulmonary fibrosis models such as paraquat-, silica particles-, radiation-, aspiration material- and amiodarone-induced models have revealed that curcumin is able to reduce the levels of TGF-β1, TNF-α, IL-6 and collagen type I, and to decrease the generation of ROS, hydroxyproline content, MDA and MPO and iNOS activity, to increase the activity of SOD, GPx and HO-1 (Thresiamma et al., 1998; Punithavathi et al., 2003; Xu et al., 2007; Guzel et al., 2009; Jiang et al., 2009; Lee et al., 2010b; Cho et al., 2013; Li et al., 2015; Barsan et al., 2021).
2.2.9.3 Human Clinical Trials
Curcumin has been reported to have antioxidant and antifibrotic potentials both in vitro and in different animal models, as we have seen before. Furthermore, it has been tested in various clinical trials for the treatment of different lung diseases, especially COPD, but none of the clinical trials regards pulmonary fibrosis.
2.2.10 Pirfenidone
Pirfenidone (PFD, 5-methyl-1-phenyl-2-[1H]-pyridone) is an oral broad-spectrum drug and is one of the two pharmacological treatments recommended for the treatment of IPF. Although no specific mode of action has been identified, PFD possesses antifibrotic, anti-inflammatory, and antioxidant properties (Poletti et al., 2014; Ruwanpura et al., 2020) (Figure 5).
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2.2.10.1 In vitro Cellular Studies
Regarding its antifibrotic potential, cell culture experiments on human lung fibroblasts and alveolar epithelial cells have revealed that PFD is able to inhibit fibroblast proliferation, myofibroblast differentiation, collagen synthesis, fibronectin production, deposition of ECM components, and α-SMA and HSP47 expression (Nakayama et al., 2008; Conte et al., 2014; Ma et al., 2018; Molina-Molina et al., 2018). Various studies have reported that PFD may inhibit the release of proinflammatory cytokines such as IL-6, IL-8, IL-1β and TNF-α and enhance the release of the anti-inflammatory cytokine IL-10, thereby exerting its anti-inflammatory effect (Nakazato et al., 2002; Oku et al., 2002; Spond et al., 2003; Liu et al., 2017a; Ruwanpura et al., 2020).
Regarding its antioxidant properties, PFD has been reported to reduce ROS production, as it is a scavenger of hydroxyl and superoxide anion free radicals (Giri et al., 1999). It has also been reported to inhibit NADPH-dependent lipid peroxidation in sheep liver microsomes (Misra and Rabideau, 2000). A more recent study has reported that PFD improves Nrf2, HO-1 and GPX1 expression and reduces collagen I and Il-6 levels in TGF-β1-induced mouse lung fibroblasts (Liu et al., 2017b). A further study has revealed that, contrary to sera from IPF naive patients, sera from PFD treated IPF patients failed to significantly induce both ROS generation and collagen synthesis in primary human pulmonary artery smooth muscle cells, demonstrating the antioxidant properties of PFD (Fois et al., 2018). PFD has also been reported to increase the expression of SOD1, catalase and Nrf2, as well as reduce the increased level of ROS in alveolar epithelial cells exposed to cigarette smoke extract (Ma et al., 2021).
2.2.10.2 In vivo Animal Studies
Several studies have demonstrated the antifibrotic and anti-inflammatory effects of PFD in experimental animal models, especially in bleomycin-induced pulmonary fibrosis models. These studies revealed that PFD prevents the accumulation of hydroxyproline, collagen I and III, inflammatory cells and TGF-β1 in BALF, and/or lung tissue (Iyer et al., 1995; Iyer et al., 2000; Tian et al., 2006; Oku et al., 2008; Myllärniemi and Kaarteenaho, 2015).
In the 1990s, studies in hamster models of fibrosis indicated that PFD ameliorates bleomycin-induced lung fibrosis by suppressing oxidative stress mediators, such as MDA and MPO, and enhancing SOD activity (Iyer et al., 1995; Iyer et al., 1999). PFD has also been reported to attenuate bleomycin-induced pulmonary fibrosis in mice by improving the expression of Nrf2, HO-1 and GPx1 and reducing levels of ROS and MDA in serum, BALF and lung tissues (Liu et al., 2017b). In 2018, a study investigated the effect of PFD in paraquat-induced lung injury and fibrosis in mice and demonstrated that PFD ameliorates lung injury and fibrosis through inhibition of inflammation and oxidative stress, downregulation of profibrotic cytokines and enzymes for ROS production such as Nox1, Nox4, iNOS and through up-regulation of antioxidant enzymes such as SOD, catalase and GPx1 (Pourgholamhossein et al., 2018).
2.2.10.3 Human Clinical Trials
The antioxidant and antifibrotic potential of PFD has been extensively demonstrated both in vitro and in vivo models of IPF, even though we have only highlighted the results regarding its antioxidant potential. The significant number of evidence made PFD a perfect candidate for human clinical trials.
Although there are multiple trials to test the efficacy of PFD in humans for IPF treatment, only four phase III clinical studies of PFD in IPF have been completed and reported (Liu et al., 2017a). Two open-label studies described for the first time the promising results of PFD for the treatment of IPF (Raghu et al., 1999; Nagai et al., 2002b). Later, a phase III trial was conducted in Japan and demonstrated that PFD preserves VC, the primary outcome, and improves progression-free survival time, the second outcome in mild IPF patients (Taniguchi et al., 2010).
Between 2006 and 2011 the CAPACITY (Clinical Studies Assessing Pirfenidone in idiopathic pulmonary fibrosis: Research of Efficacy and Safety Outcomes) phase III trial was conducted. This programme included two similar multinational trials (studies 004 and 006). The results of the two integrated trials showed a significant improvement in the lung function, the primary outcome, but also in progression-free survival time, in the change in FVC and in the associated death (Noble et al., 2011) (ClinicalTrials.gov Identifier: NCT00287716 and NCT00287729). Another phase III trial, ASCEND (Assessment of Pirfenidone to Confirm Efficacy and Safety in Idiopathic Pulmonary Fibrosis) study was conducted between 2011 and 2014. This trial confirmed that PFD reduces disease progression, as improved lung function, exercise tolerance, and progression-free survival (King et al., 2014) (ClinicalTrials.gov Identifier: NCT01366209) Summarized in Table 4.
2.2.11 Thalidomide
Thalidomide (Thal, α-N-phthalimido glutarimide) is a glutamic acid derivative that was initially prescribed as a sedative and antiemetic drug but it was removed from the market for its teratogenic effects (Franks et al., 2004; Sharma et al., 2007). Thal possesses various pharmacological properties, including anti-inflammatory, antifibrotic and anti-angiogenic (Chong et al., 2006; Mondello et al., 2009; Zhang et al., 2018a). Although the mechanism of action that underlies these properties is still unclear, Thal may exert its biological activities by modulating inflammatory cytokines, growth factors and nitric oxide (Sampaio et al., 1991; Franks et al., 2004; Amirshahrokhi, 2013) (Figure 5).
2.2.11.1 In vitro Cellular Studies
Thal was reported to reduce IL-18, IL-8 and TNF-α release from LPS-induced alveolar macrophages (Tavares et al., 1997; Ye et al., 2006). Additionally, several studies have demonstrated that Thal reduces the production of IL-6, TGF-β1, collagen type I and IV, α-SMA, vimentin, MMP-2 and -9, fibronectin and CTGF as well as to inhibit transdifferentiation, EMT and oxidative stress in TGF-β1-induced human and mouse lung fibroblasts (Tabata et al., 2007; Choe et al., 2010; Amirshahrokhi, 2013; Dong et al., 2017; Wu et al., 2020).
2.2.11.2 In vivo Animal Studies
Various investigations have revealed that Thal prevents bleomycin- or paraquat-induced pulmonary fibrosis in murine models by downregulating the expression of IL-6, IL-8, IL-1β, TNF- α, TGF-β, collagen, hydroxyproline, VEGF, p-JNK and α-SMA (Tabata et al., 2007; Choe et al., 2010; Amirshahrokhi, 2013; Liu et al., 2014b; Dong et al., 2017). In addition, Thal has been reported to reduce MPO, NO, MDA and ROS and to enhance the activity of SOD and thioredoxin reductase in bleomycin- or paraquat-induced pulmonary fibrosis murine models (Amirshahrokhi, 2013; Dong et al., 2017).
2.2.11.3 Human Clinical Trials
Thal is currently used in the treatment of multiple myeloma, but its use in other diseases is restricted due to its teratogenic effects (Cavallo et al., 2007). Nevertheless, since various preclinical studies demonstrated IPF is able to reduce different fibrotic processes, in 2005 it was started an open label phase II trial. This clinical trial aimed to determine whether Thal can stop the progression of fibrosis in IPF patients (“Treatment of Idiopathic Pulmonary Fibrosis With Thalidomide”). It was conducted between 2005 and 2010 and the primary outcome was to determine the safety, feasibility and efficacy of Thal. However, there are no results available about this study, probably because these are not promising results (ClinicalTrials.gov Identifier: NCT00162760).
On the other hand, there is a phase III trial testing the efficacy of Thal in suppressing the chronic cough of IPF (“Treatment of Chronic Cough in Idiopathic Pulmonary Fibrosis With Thalidomide”). The primary endpoint was the cough-specific quality of life measured by the Cough Quality of Life Questionnaire (CQLQ) and results showed that Thal improved cough and respiratory quality of life in IPF patients (Horton et al., 2012) (ClinicalTrials.gov Identifier: NCT00600028) Summarized in Table 4.
2.2.12 Other Antioxidant Molecules
The antioxidant compounds reviewed above are the most studies ones of a large list of molecules able to enhance the antioxidant defence system against the fibrotic process. However, some antioxidant compounds have promising therapeutic results.
For instance, crocin, a natural antioxidant molecule, remarkably decreases TNF-α, MDA, TGF-β1 and NO levels, up-regulates Nrf2 and HO-1 and attenuates fibrosis in the lungs of bleomycin-exposed rats (Zaghloul et al., 2019; Mehrabani et al., 2020) (Figure 3). Another recently studied antioxidant is isorhamnetin, a flavonol aglycone isolated from the traditional Chinese medicine Hippophae rhamnoides L. (Shi et al., 2018a). Isorhamnetin has been demonstrated to inhibit bleomycin-induced collagen deposition, reduce type I collagen and α-SMA expression, and alleviate EMT and endoplasmic reticulum stress in vivo and in vitro (Zheng et al., 2019; Luo et al., 2019), as well as to decrease the expression of inflammatory cytokines (Ren et al., 2021; Chi et al., 2016) (Figure 5). Apart from these, another antioxidant molecule is echinochrome A, a quinoid pigment of marine invertebrates that exhibits potent antioxidant properties (Lebedev et al., 2005). It has been reported to have a direct cytoprotective effect under conditions of oxidative stress in pulmonary fibroblasts (Sazonova et al., 2020) and to reduce the severity of bleomycin-induced oxidative stress in the lungs of murine models (Lebed’ko et al., 2015) (Figure 3).
These are just a few examples of the studied antioxidant compounds but, indeed, the number of antioxidant components able to decrease fibrotic process through suppression of oxidative stress is countless and growing.
2.3 Superoxide Dismutase Mimetics
As we have mentioned above, SOD enzymes play a critical role in the antioxidant defence of the respiratory system. Thus, several of studies have investigated whether SOD enzymes administration can protect against oxidative stress and ameliorate some lung diseases. Treatment with SODs, encapsulated SODs, liposomal SOD preparations, and recombinant manganese superoxide dismutase, MnSOD, resulted to offer antioxidant protection in fibrosis models; however, these compounds developed some immunogenic complications (Kinnula and Crapo, 2003). Thereby, further studies have opted for synthetic small-molecular-weight SOD mimetics. These molecules include salen compounds, macrocyclics and metalloporphyrins and have been found to have antioxidant and anti-inflammatory properties (Salvemini et al., 2002).
AEOL 10150 is a broad-spectrum metalloporphyrin SOD mimic and several studies have shown that this agent protects lung tissues from radiation-induced injury in murine and primate models. It also reduces macrophages accumulation, oxidative stress, and collagen deposition (Rabbani et al., 2007; Garofalo et al., 2014; MacVittie et al., 2017; Zhang et al., 2018b). The metalloporphyrin AEOL 10113 has also been reported to reduce TGF-β levels and collagen deposition and to have a protective effect from radiation-induced lung injury (Vujaskovic et al., 2002). MnTBAP is another metalloporphyrin SOD mimic that has been demonstrated to attenuate bleomycin-induced pulmonary fibrosis in in vitro and in vivo models (Oury et al., 2001; Venkatadri et al., 2017). These compounds have; however, not yet been tested in human lung fibrosis (Figure 6).
[image: Figure 6]FIGURE 6 | Simplified diagram of the principal molecular mechanisms of the SOD mimetics AEL10150 and MnTBAP. αSMA: alpha smooth muscle actin; CAT: catalase; IL-1β: interleuquina 1beta; IL-6: interleuquina 6; NFκβ: nuclear factor kappa beta; ROS/RNS: reactive oxygen species/reactive nitrogen species; TGF-β1: transforming growth factor beta 1; TNFα: tumoral necrosis factor alpha; SOD: supeoxide dismutase Created with Biorender.com.
3 PITFALLS OF ANTIOXIDANT THERAPIES IN IDIOPATHIC PULMONARY FIBROSIS
In this review, we have classified the antioxidant drugs into three classes: NOX inhibitors, antioxidants enhancers and ROS scavengers, and SOD mimetics. We have described the in vitro and in vivo results obtained with each drug in the treatment of pulmonary fibrosis. As well as a description of existing clinical trials, if any.
Although all these compounds may seem promising drugs for the treatment of fibrosis, most of them have critical drawbacks, as we will describe below.
Regarding the NOX inhibitors molecules, the classical molecules DPI and Vas2870 have been proven to be useful drugs in preclinical assays to elucidate the role of oxidative stress, specifically NOx molecules, in the development and progression of pulmonary fibrosis and could be helpful in the development of new drugs. However, both compounds have resulted not been suitable options for the treatment of IPF due to their lack of specificity, toxicity, and off-target effects, as they may have unpredictable effects in humans.
In contrast to DPI and Vas2870, the GKTs designed inhibitors are specific for Nox4/Nox1. As we have mentioned, the isoforms Nox1 and Nox4 are implicated in the pathogenesis of IPF. Nox4, in particular, is overexpressed in most of the cells implicated in the pathophysiology of IPF, such as (myo)fibroblasts and epithelial cells, and it contributes to the alteration of different processes such as migration, senescence, differentiation and EMT among others. It is, therefore, logical to think that Nox4 and Nox1 are promising drug targets for IPF. The specificity of these small molecules helps in avoiding off-target effects and in the determination of the effective dose, which is usually lower than in the case of broad-spectrum drugs. Preclinical assays both in vitro and in vivo have provided excellent results, or so the company has reported. Indeed, the GKT37831 compound has completed a phase I clinical trial with enough good results and a phase II clinical trial is ongoing. Thus, this small molecule is probably the most promising option for the treatment of IPF.
Apocynin had been considered as a NOX inhibitor for a long time; however, it has been recently demonstrated that it is a ROS scavenger. Therefore, like many other natural ROS scavengers, such as flavonoids, it has demonstrated beneficial effects in in vitro and in vivo models, but there is a lack of evidence for its efficacy in humans. The last NOX inhibitor mentioned in this review is metformin. In this case, in vitro and in vivo assays have shown that metformin is able to attenuate or reverse lung fibrosis processes; however, retrospective human clinical studies have reported that metformin is ineffective for the treatment of pulmonary fibrosis in diabetics patients with IPF.
Antioxidant enhancers and ROS scavengers are usually more tolerated than NOX inhibitors, but, on the other hand, their efficacy is also lower.
Among all the antioxidant enhancers, NAC is probably one of the most studied for the treatment of pulmonary fibrosis. Its promising results both in vitro and in vivo suggested that it could be an appropriate option for treating the oxidative stress occurring in IPF. Indeed, it has been reported to be effective in the treatment of other diseases such as Chronic Obstructive Pulmonary Disease (COPD) or bronchitis. However, the successive clinical trials have not reported successful results. On the other hand, the PRECISIONS trial has opened the door to a much more personalised therapy, based on the genetic characteristics of each patient and, probably, it is the key for the treatment of such diseases as IPF, which is characterised by the existence of several phenotypes. Additionally, another recently proposed study aims to test the effectiveness of NAC administered by inhalation. The change in the administration could improve its effectiveness as the drug would act directly in the lungs, where the damage is occurring. However, given all the results, treatment with NAC alone would be very unlikely to be effective in curbing fibrosis.
Many of the antioxidant compounds studied in this review are natural flavonoid or polyphenols compounds such as Quercetin, Sal B, EGCG, TanIIA and STS, resveratrol and curcumin. These compounds have shown a strong antioxidant and, in many cases, anti-inflammatory power in in vitro and in vivo preclinical fibrotic models however their clinical utility as antifibrotic agents is more than questionable. Natural compounds like these are usually very well tolerated with no toxic effects, but, on the other hand, they are less effective than other chemical derived drugs. Furthermore, they have no specific mode of action: they can have a multitude of targets or be ROS scavengers by themselves. The lower efficacy together with the lack of specificity makes it difficult to establish an effective dose to reach an acceptable clinical efficacy. Therefore, these drugs are more indicated for prevention than for treatment of diseases such as IPF and they could be useful in combination with other antifibrotic drugs.
Despite de several in vitro and in vivo assays demonstrating the benefit of using these kinds of antioxidants to treat diseases such as IPF, the reality is that the use of antioxidants in clinical trials has shown to be predominately ineffective (Steinhubl, 2008). The lack of benefit in clinical trials could have different explanations. The easiest explanation is that the chosen compound is not adequate for the disease. Another potential explanation may be that although the compound is adequate, it is tested at inappropriate doses or for inadequate durations (Steinhubl, 2008; M Davies and G Holt, 2018). In most cases, antioxidant compounds need unrealistic doses to have a physiological effect, indeed, it has been reported that they would be present at greater than 1013 molecules per cell (M Davies and G Holt, 2018). This could be not only because their efficacy is often lower than other drugs, but also because their consumption by ROS is more rapid. Furthermore, it seems illogical to use antioxidant therapies over just a few years to reverse the results of several decades of oxidative stress.
In this review, we also mentioned other three natural compounds, crocin, isorhamnetin and echinocrome A. These three compounds have shown a high antioxidant potential and, since they are natural, are unlikely to generate toxic effects. However, in vitro and in vivo assays with these compounds are scarce, thus, further evidence of their efficacy in fibrotic processes would be needed before they could be considered for clinical trials.
We consider that some of the antioxidants reviewed here deserve special mention, as is the case of SFN. This compound is a natural derivative, but unlike other drugs of this type, has more specific molecular targets. This is an advantage in establishing a dose that achieves sufficient efficacy in humans. One of its most important targets is Nrf2, a key factor in antioxidant defences and highly implicated in diseases related to oxidative stress, for instance, its expression is decreased in some IPF effector cells. Therefore, SFN, since it activates Nrf2, would be a possible candidate for human clinical trials regarding IPF, although more preclinical in vitro and in vivo trials may be needed beforehand.
Another drug that we would like to discuss separately is melatonin, as its origin is different from the rest. Melatonin is a hormone that has been shown to have strong antifibrotic effects due to its antioxidant and anti-inflammatory potential. As it is a hormone produced by the body itself, its use as a drug must be well controlled. Thus, concentration and dose (single or chronic) may be carefully studied. Chronic treatment with melatonin may have the opposite of the desired effects, so it may not be a good option for the treatment of fibrosis, since is a chronic disease. Furthermore, melatonin is heavily involved in circadian rhythms and altering its levels in the body can have detrimental effects. On the other hand, its use could be useful at specific times during the treatment of fibrosis.
In this review, we have also mentioned the PFD, one of the antifibrotic drugs par excellence and one of the two currently approved drugs for the treatment of IPF. As we have reviewed here, several in vitro and in vivo studies have shown that PFD has potent antioxidant effects. However, probably, a large part of these effects is due to its main antifibrotic effect. PFD has several mechanisms of action, many of which are still unknown. Due to the difficulty in determining its specific mechanisms of action, it cannot be said PFD to be a pure antioxidant drug or to have a main antioxidant power.
Another of the drugs already used in clinical practice that we have discussed in this review is Thal. In this case, Thal, in addition to its teratogenicity, which severely limits its use, has been reported ineffective in treating IPF in humans in different clinical trials. Although preclinical studies may suggest that it has anti-fibrotic effects, the reality is that the use of thalidomide for the treatment of IPF is out of the question. Thal is being tested to treat the chronic cough associated with IPF, however, four clinical studies are currently underway investigating P2X3-receptor antagonists as potential antitussives, the results are promising and they are safer than Thal (Dicpinigaitis et al., 2020). Therefore, it would also make no sense to use Thal to treat chronic cough when these antagonists are safer and more effective.
Finally, we have discussed some recently designed SOD mimetics, such as AEOL10150, AEOL 10113 and MnTBAP. These compounds, in contrast to most of the seen above, have a more specific mechanism of action, making it easier to determine the most effective concentration. Furthermore, the use of designed compounds that mimic a biological molecule avoid the complications arising from the use of the biological molecule itself, that, in this case, would be, primarily, the SOD molecule. These compounds, together with the synthetic NOX-inhibitors GKTs, are possibly the ones with the most promising future. However, more research is needed on these compounds before they can be considered suitable for clinical trials.
4 CONCLUDING REMARKS
Idiopathic pulmonary fibrosis is the major idiopathic interstitial pneumonia with no cause identified and it is characterized by cellular proliferation, interstitial inflammation, and a chronic and progressive fibrosis. It usually does not respond to traditional therapies such as anti-inflammatory and immunomodulatory treatments. Several studies have suggested that increased oxidative stress may play a central role in the development and progression of IPF; indeed, cellular participants in lung fibrosis show, in most cases, an imbalance between oxidants and antioxidants. In addition, the massive number of oxidative stress biomarkers described in patients with IPF have evidenced the involvement of ROS in the pathogenesis of the disease. Regarding this, several ROS scavengers and modulators of the antioxidant machinery have been tested as potential therapeutics for lung fibrosis in preclinical in vitro and in vivo models and in different clinical trials. In this review, we have highlighted the role of oxidative stress in the pathology of lung fibrosis and its underlying mechanisms. However, the principal aim of this review is to analyze the mechanism of action, the efficacy, and the current status of different drugs able to protect against oxidative stress and act as antifibrotic therapy in IPF. Several more antioxidant molecules can be considered as potential therapeutics for lung diseases but have not been included in this review due to the lack of enough experimental evidence in lung fibrosis; however, they can be consulted in different reviews (Kinnula et al., 2005; Day, 2008; Kato and Hecker, 2020; Wang et al., 2021).
Despite the evidence of the significance of oxidative stress in the progression and development of IPF, as well as the anti-fibrotic effect that many antioxidants have been reported to have, it is unlikely that antioxidant monotherapy will be able to reverse or halt IPF progression, as its efficacy is partial. However, the use of antioxidant drugs may serve to improve some aspects of the disease and may be useful in combination with anti-fibrotic drugs. This situation is not unique to IPF but also occurs with other complex diseases such as cancer (Hayes et al., 2020), where antioxidant drug treatments have been used also mainly for prevention or supplementation (Ozben, 2015; Athreya and Xavier, 2017).
Therefore, antioxidant therapies in IPF should probably be focused on complementing other more efficient antifibrotic therapies.
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Pulmonary fibrosis is a pathologic process associated with scarring of the lung interstitium. Interstitial lung diseases (ILDs) encompass a large and heterogenous group of disorders, a number of which are characterized by progressive pulmonary fibrosis that leads to respiratory failure and death. Idiopathic pulmonary fibrosis (IPF) has been described as an archetype of progressive fibrosing ILD, and the development of pirfenidone and nintedanib has been a major breakthrough in the treatment of patients with this deadly disease. Both drugs principally target scar-forming fibroblasts and have been shown to significantly slow down the accelerated decline of lung function by approximately 50%. In addition, nintedanib has been approved for patients with other progressive fibrosing ILDs and systemic sclerosis-associated ILD. However, there is still no cure for pulmonary fibrosis and no meaningful improvement of symptoms or quality of life has been shown. Advancement in research, such as the advent of single cell sequencing technology, has identified additional pathologic cell populations beyond the fibroblast which could be targeted for therapeutic purposes. The preclinical and clinical development of novel drug candidates is hampered by profound challenges such as a lack of sensitive clinical outcomes or suitable biomarkers that would provide an early indication of patient benefit. With the availability of these anti-fibrotic treatments, it has become even more difficult to demonstrate added efficacy, in particular in short-term clinical studies. Patient heterogeneity and the paucity of biomarkers of disease activity further complicate clinical development. It is conceivable that future treatment of pulmonary fibrosis will need to embrace more precision in treating the right patient at the right time, explore novel measures of efficacy, and likely combine treatment options.
Keywords: lung disease, interstitial, clinical trial, drugs, fibroblast, pharmaceutical research, pharmacology
INTRODUCTION
The last decade has been a game changer for idiopathic pulmonary fibrosis (IPF) from a research as well as from a clinical perspective. A shift of understanding of the pathogenesis from a chronic inflammatory to an epithelial driven disorder resulting from repetitive alveolar epithelial injury and aberrant repair (Selman et al., 2001; King et al., 2011) as well as a refinement of diagnostic criteria for IPF (Raghu et al., 2012) finally enabled a breakthrough in the treatment of patients with this devastating disease with the approval of nintedanib and pirfenidone (Richeldi et al., 2011; Raghu et al., 2012; King et al., 2014).
IPF is the most common form of idiopathic interstitial pneumonia within a large and heterogenous group of disorders referred to as interstitial lung diseases (ILD) (Travis et al., 2013). IPF is, by definition, a chronic progressive fibrosing ILD characterized by inexorable worsening of symptoms, lung function and early mortality (Raghu et al., 2018) and is considered the prototypical progressive fibrotic ILD. However, such longitudinal disease behaviour (termed “progressive fibrotic phenotype”) is not restricted to IPF but applies to other ILDs with even greater heterogeneity compared to IPF (Travis et al., 2013; Wells et al., 2018). It is postulated that progressive fibrosing ILDs also share similarities in pathogenic mechanisms implicated in fibrotic remodeling (Wollin et al., 2019). Consequently, pirfenidone and nintedanib were separately investigated in a basket approach, similar to oncology, including non-IPF patients with differing underlying etiologies but a common progressive fibrotic clinical disease course (Flaherty et al., 2019; Behr et al., 2021), further supporting the concept of the progressive fibrotic phenotype and leading to the approval of nintedanib in patients with progressive fibrosing interstitial lung disease (Brown et al., 2020).
Undoubtedly these advances and, specifically, the approvals of antifibrotic drugs for the treatment of (idiopathic) pulmonary fibrosis have fuelled basic, translational and clinical research and drug development in this field. However, key challenges will have to be tackled across disciplines in the next decade to ultimately embark on a path of patient-centricity and precision medicine in drug development and to provide benefit to patients beyond “just” slowing lung function decline. These include identification of patients earlier in their disease course to ultimately prevent development of or even reverse fibrosis, validation of prognostic and predictive biomarkers to enable the right treatment for the right patient at the right time, developing better disease models, clinical outcome parameters and, ultimately, targeting the mechanisms involved in lung repair and regeneration.
This review aims to shed light on some of these key challenges from an industry research and development perspective.
EVOLVING MECHANISMS OF PULMONARY FIBROSIS
Both pirfenidone and nintedanib—the current standard of care for medications for idiopathic and other forms of pulmonary fibrosis—were borne of the desire to inhibit aberrant fibroblast activity. Fibroblast populations are responsible for providing structure to organs, so are thus an essential part of the repair process following damage. Fibroblast proliferation, migration and transition toward myofibroblasts, which preferentially deposit collagen to form scar tissue, are healthy processes when controlled to be transient (Ushakumary et al., 2021). However, the dysregulation of these processes leads to uncontrolled fibrogenesis—a fundamental driver or “master mechanism” of pulmonary fibrosis. Anti-fibrotic therapies address elements of these pathologic pathways through inhibition of fibroblast-centric growth factors (Conte et al., 2014; Wollin et al., 2014)
The advent of single cell seq technologies have greatly expanded our view of pathologic processes to reach beyond the fibroblast (Habermann et al., 2019; Reyfman et al., 2019; Adams et al., 2020). We now recognize profound changes in epithelial stem cell populations which drive perturbed barrier repair and impaired lung function. Disease-specific “aberrant basaloid” cells may be derived from dysregulated secretory cell phenotypes or dysfunctional/transitional alveolar type 2 populations (Adams et al., 2020; Jaeger et al., 2020; Strunz et al., 2020). Signaling thought to drive the perturbed epithelial repair include oxidative and endoplasmic reticulum stress (Burman et al., 2018; Otoupalova et al., 2020). An additional “master mechanism” for consideration is the phenotypic alteration to macrophage populations driving a loss of homeostatic control within a fibrotic lung. Although long associated with progressive pulmonary fibrosis (Keogh and Crystal, 1982), early attempts to modulate macrophage migration into the lung failed (Raghu et al., 2015)—likely due to the translational limitations of previously dominant murine M1/M2 hypothesis of macrophage pathobiology. Triggered, again, by SCseq studies, we have now expanded our knowledge of macrophages and fibrosis to reveal a key role for efferocytosis in the effective (anti-fibrotic) repair of the lung (Morse et al., 2019; Gerlach et al., 2021). Furthermore, biomarker evidence of senescence in pulmonary fibrosis (Ryu et al., 2017) is being unraveled across “master mechanisms”—linked to dysregulated fibroblasts, aberrant epithelial stem cell populations and as drivers of a pro-fibrotic macrophage phenotype (Álvarez et al., 2017; DePianto et al., 2021). Furthermore, we are now understanding more than ever that to consider any cell population in isolation is to miss the (mis-)communication between different populations—cell types which collude to drive fibrosis relentlessly forward (Raredon, Systems Biol 2020; Le et al., 2021). Preclinical research into the “immunofibrotic niche” (summarized in Figure 1) has opened new avenues for drug discovery.
[image: Figure 1]FIGURE 1 | Master Mechanisms of the immunofibrotic niche. Pathologic drivers in pulmonary fibrosis can be viewed as three “master mechanisms”: Uncontrolled fibrogenesis, driven by pro-fibrotic growth factors and tissue stiffness, is the current point of intervention for standards of care “anti-fibrotics.” Perturbed epithelial repair is due to dysregulated/transitional small airway and/or alveolar progenitor populations, leading to senescence, impaired barrier function and poor gas exchange. Loss of macrophage homeostatic control is characterized by an imbalance of pro-fibrotic vs. pro-repair macrophage phenotypes to resulting in less efferocytosis and heighted inflammation within the lung. The immunofibrotic niche is interconnected, where macrophage activity and phenotype can be influenced by senescent fibroblasts; aberrant signals from epithelium promote fibrosis and scar-forming fibroblasts hinder effective epithelial repair.
We now look to promote a homeostatic balance of macrophages, rejuvenate small airway and alveolar epithelial progenitor populations and correct the mutual dysfunctional crosstalk between epithelium and underlying fibroblasts. Yet the ambition to explore novel targets within the immune fibrotic niche preclinically will bring even greater challenges as they are translated to the clinic—requiring an ever greater degree of therapeutic precision.
CHALLENGES IN PRECLINICAL RESEARCH OF EMERGING THERAPEUTICS
Anti-fibrotic therapeutics were validated with in vitro and in vivo systems focused upon fibroblast biology. Fibroblasts stimulated with platelet-derived growth factor (PDGF) will proliferate, or with transforming growth factor (TGF)ß transition to scar-forming myofibroblasts. Bleomycin-induced fibrosis in mice/rats model inflammatory, then fibrotic, changes followed by resolution waves of pathobiology—yet have shown limited translational value (Moeller et al., 2008). It is interesting to note that although fibroblasts remain the principal target cell population of both nintedanib and pirfenidone, this does not preclude some effects on other cell populations—either directly or as a consequence of altering the dynamics within the immune-fibrotic niche (Huang et al., 2017).
The next generation of novel therapeutics need innovative in vitro and in vivo systems. By enriching the environment in which primary co-cultured cells act and react in vitro, including stimuli which are more representative of the pathophysiologic situation, we increase the likelihood of observing a difference between healthy and diseased cells. Once observed, this ‘differential patient biology’ can form the basis of novel therapeutic discovery. For example, we can observe a reciprocal influence of primary small airway epithelial cells (SAECs), grown at air-liquid interface, together with fibroblasts (see Figure 2). When derived from healthy donors, epithelial cells exert a protective effect on fibroblasts challenged with a fibrosis-driving growth factor (TGFß). However, if derived from pulmonary fibrosis patient donors or conditioned with stimuli from fibrosis patients, SAECs can drive fibrotic transition in fibroblasts in the absence of stimulation (Le et al., 2020).
[image: Figure 2]FIGURE 2 | Next generation co-culture assays of epithelial:fibroblast crosstalk. (A) Schematics of epithelial cells, cultured in inserts at air-liquid interface from primary basal epithelium isolated from healthy or fibrosis patient lungs. Normal healthy lung fibroblasts (NHLFs) co-cultured in the below wells—stimulated with increasing concentrations of TGFß. (B) H&E images of healthy vs diseased (fibrotic) epithelium, showing fewer ciliated cells and more secretory populations. (C) Mono-culture NHLF response to TGFß dose response (black), showing increased a-smooth muscle actin—an indicator of fibroblast to myofibroblast transition. Fibrotic epithelium promotes fibroblast transition in the absence of TGFß (red). Healthy epithelial co-culture protects fibroblasts from pro-fibrotic effects of TGFß.
In vivo models, although no longer the source of novel targets, are nevertheless fundamental to understanding pharmacokinetic (PK) vs target engagement (TE) vs pharmacodynamic (PD) relationships of drug candidates. Yet, we strive to enhance the translational relevance of PD measures—functional measures or biomarkers—to capture more elements of the immune-fibrotic niche. Bleomycin models can be enhanced by using older mice, thus partially negating the transient nature of the fibrosis observed, or by using a model of repetitive instillation to create a more durable fibrotic response (Redente et al., 2021). Furthermore, microCT measures have been developed to better mimic diagnostic measures from the clinic (Ruscitti et al., 2017). Alternative models have been developed which better reveal the perturbed epithelial elements of pulmonary fibrosis, such as the model of SPC mutation, which creates an alveolar type 2 cell-driven fibrotic response (Nureki et al., 2018). Few rodent models have come closer to patient biology than that which uses a combination of humanized mice, low-dose bleomycin and adoptively transferred patient epithelial cells reproduce the lung reticulation patterns so characteristic of usual interstitial pneumonia (UIP) seen in IPF (Jaeger et al., 2020).
Novel in vitro and in vivo systems can now be assessed for greater translational relevance by the comparative computational analysis of gene expression changes in an assay vs patient material. Thus, individual pathways/processes, and the impact of test compounds upon them, can be effectively matched to the appropriate assay. It is with preclinical systems such as these that we can create first evidence in support of either combination or differentiation for a next generation therapeutic with standard of care anti-fibrotics. Through these technological breakthroughs, it is now possible to employ precision pharmacology, and thus set the stage for clinical assessment of precision therapies.
CHALLENGES IN CLINICAL DEVELOPMENT OF EMERGING THERAPEUTICS
Enrichment Strategies and Efficacy Endpoints
The widespread regulatory approval of nintedanib and pirfenidone to reduce the rate of decline in a key measure of lung function, forced vital capacity (FVC), is seen as a major advance for the treatment of patients with IPF (and, in the case of nintedanib, for patients with systemic sclerosis-associated ILD and with chronic fibrosing ILDs with a progressive phenotype). However, this success is also accompanied by new challenges for drug developers. In the ideal clinical trial, all patients enrolled in the trial would experience the event the study drug is designed to prevent/treat, such that patients receiving active drug will demonstrate clear efficacy as compared to placebo. This is especially important in conditions which take a long time to manifest or in which relatively few patients experience the event. Indeed, fibrotic ILDs often progress slowly; thus, in some patients it may take years to see significant declines in lung physiology or increased fibrosis on high-resolution computed tomography (HRCT) scans, and clinical trials often require primary endpoints to be measured after a minimum of 12 months to allow sufficient patients to demonstrate progression. Yet even in such circumstances, a proportion of patients will not demonstrate significant loss of lung function. As an example, in the pivotal INPULSIS trials of nintedanib in patients with IPF, 15% of placebo-treated patients demonstrated either no decline or an improvement in FVC over the 52-week trial period (Brown et al., 2019). Similar findings were observed in the INBUILD trial of nintedanib in patients with progressive fibrotic ILDs (Maher et al., 2021).
For fibrotic ILDs, a current challenge is identifying which patients will develop progression over a relatively short period of time or are at increased risk for exacerbations or death. This is critical not only for planning of clinical trials but also for clinical care; patients likely to experience faster progression or at risk for adverse outcomes might be prioritized on transplant lists or followed more closely in the clinic. Efforts to develop prognostic information in patients with fibrotic ILDs have intensified greatly over the recent past, with numerous investigators evaluating a panoply of potential biomarkers. Such biomarkers may be genetic (Fingerlin et al., 2013; Stuart et al., 2015; Herazo-Maya et al., 2017), metabolomic (Zhao et al., 2017; Nambiar et al., 2021), circulating soluble factors in plasma or serum (Rosas et al., 2008; Makiguchi et al., 2016; Maher et al., 2017; Organ et al., 2019), cell-based (Morse et al., 2019; Karampitsakos et al., 2021), image-based (Justet et al., 2017; Salisbury et al., 2017; Win et al., 2018; Derlin et al., 2021), or based on clinical characteristics (Ley et al., 2012; Ryerson et al., 2014; Morisset et al., 2017). While these efforts are laudable and show promise, none is yet sufficiently validated to be used in clinical practice. For clinical trial planning, enrichment strategies based on biomarkers are similarly not well validated, yet are desperately needed. One possible exception to the current lack of enrichment biomarkers is the imaging pattern of usual interstitial pneumonia (UIP) seen on HRCT scanning. UIP is the radiologic and histopathologic pattern associated with IPF, as well as other ILDs that may demonstrate more rapid progression in a similar fashion. Indeed, in the INBUILD trial of nintedanib for treatment of patients with non-IPF progressive fibrotic ILDs of varying causes, patients with an HRCT pattern of UIP demonstrated similar declines in FVC over 52 weeks as has been seen in prior IPF trials (Flaherty et al., 2019).
But for which outcome should we be trying to enrich? Historically, registrational trials for both nintedanib and pirfenidone in patients with IPF were predicated on a primary endpoint of annualized rate of decline of FVC (ml/year) or change in FVC from baseline (ml), supported by additional secondary outcomes such as a trend for reduced mortality, further strengthening FVC as a valid surrogate endpoint. Subsequent studies in IPF, as well asother fibrosing ILDs, have similarly focused on the rate of FVC decline given the precedent set by nintedanib and pirfenidone. Certainly, slowing the rate of decline in lung function for patients with IPF and other progressive ILDs is a worthy goal; data suggest that rate of decline of lung function, both FVC and diffusing capacity for carbon monoxide (DLCO), correlates with time to mortality (Collard et al., 2003; Latsi et al., 2003). This correlation between lung function decline and mortality bolstered active discussions with authorities, in particular the US FDA, which finally accepted FVC as a surrogate outcome marker for mortality in IPF; the acceptance of FVC decline was also based on review of study data from both the nintedanib and pirfenidone clinical development programs (Karimi-Shah and Chowdhury, 2015). Now, evolving real-world data suggest that patients with IPF receiving antifibrotic medication demonstrate better survival than those not treated (Guenther et al., 2018; Behr et al., 2020), lending credence to the concept that FVC decline is an appropriate surrogate for mortality (Karimi-Shah and Chowdhury, 2015). However, the relationship between lung function decline and mortality is indirect and doesn’t capture the impact of progressive ILDs on patients’ quality of life, symptoms and/or disability. Further, clinical experience tells us that the rate of decline of lung function in IPF and other ILDs is not necessarily linear over time; therefore, careful thought must be given to identifying, validating, and qualifying novel endpoints to determine the impact of new therapeutics for these patients.
Trial Design Challenges
Both nintedanib and pirfenidone utilized classical drug development approaches with large and long phase II dose-ranging studies. For example, the trial providing proof of clinical concept for nintedanib was a dose-ranging study exploring four doses of nintedanib versus placebo that randomized 432 patients with IPF to treatment over 1 year (Richeldi et al., 2011). This study was followed by two large placebo-controlled confirmatory phase III studies comprising a total of 1,066 patients with IPF randomized to 52 weeks of treatment with nintedanib or placebo to establish pivotal efficacy and safety data for submission (Richeldi et al., 2014).
However, newer drug candidates will be required to utilize different clinical development approaches, for a variety of reasons. First, IPF (and the majority of other progressive fibrosing ILDs) are rare-to-uncommon diseases and, thus, the patient pool available for inclusion in clinical studies in these indications is limited. Coupled with increased drug development efforts in pulmonary fibrosis by numerous companies, several drug candidates are currently being investigated in phase II and phase III studies (Spagnolo et al., 2020) which leadsto competition for patients among potential trials. One potential solution to this problem was recently demonstrated by the successful conduct of the INBUILD trial, in which patients with various fibrosing ILDs (excluding IPF) who all shared a common phenotype of progressive disease were randomized to receive placebo or nintedanib (Flaherty et al., 2017). This “basket” study showed that in patients with a UIP-like pattern on HRCT but an underlying diagnosis other than IPF, nintedanib has a similar effect on slowing the rate of decline in FVC compared to what was seen in prior IPF trials (Flaherty et al., 2019). Moreover, patients with fibrosing ILD with other radiologic fibrotic patterns, but still with a prior history of disease progression, equally benefitted from nintedanib (Flaherty et al., 2019). This suggests that pooling patients who have different disease etiologies a but similar longitudinal clinical behavior may be an appropriate enrichment strategy, although this concept remains a source of debate (Wells et al., 2018; Wolters et al., 2018).
Second, accelerated new drug development timelines are necessary due to pragmatic considerations for our patients as well as costs: a long phase II study with endpoints measured 1 year after study initiation is no longer sustainable for patients or sponsors. However, the ability to demonstrate a statistically significant treatment difference in rate of FVC decline at a timepoint earlier than 52 weeks is dependent upon the degree of patient heterogeneity within a cohort and the variability inherent in lung function testing. As a result, increased sample sizes are required to achieve the power needed to detect significant differences in rate of FVC decline. Interestingly, retrospective analyses of nintedanib and pirfenidone clinical development programs suggest that a separation in the rate of decline of FVC with antifibrotic treatment may be apparent after 26 weeks. Some sponsors have recently reported results demonstrating treatment effects in phase II trials of patients with IPF after only 12 weeks (Maher et al., 2018; Palmer et al., 2018). Ziritaxestat, for example, an autotaxin (an enzyme catalyzing lysophosphatidylcholine into lysophosphatidic acid [LPA]) inhibitor demonstrated favorable effects on mean change from baseline in FVC after 12 weeks, with an increase of 8 ml in the active group versus a reduction of 87 ml on placebo (Maher et al., 2018). Similarly, treatment of antifibrotic-naïve patients with IPF with the LPA receptor antagonist BMS-986020 also resulted in a slowing of the rate of decline in FVC compared to placebo-treated patients, although the results were not statistically significant until 26 weeks (Palmer et al., 2018).
Finally, new drug candidates for patients with IPF or other progressive fibrosing ILDs can no longer ethically be compared to true placebo, as standard of care therapies (with their associated adverse effects) now exist for these patients. This adds further complexity and challenges on clinical trial design: any treatment (or adverse) effects seen for newer therapeutics could be attributed to the investigational compound or the standard background therapy; the room for improvement in lung function on top of standard of care is variable and limited and affecting sample size; patient populations will be heterogenous including all-comers, i.e., patients without background antifibrotic standard of care (either naïve to antifibrotic treatment or having stopped previous standard of care for tolerability or effectiveness reasons) and patients with concomitant approved antifibrotic treatments. Moreover, in the future, newer therapeutics may be designed to improve the lives of patients with IPF and other fibrosing ILDs as measured by different endpoints (e.g. quality of life, imaging, or other biomarkers of disease activity), which may be difficult to interpret in the face of combination therapy.
Approaches to Increase Trial Efficiency
Given the challenge of recruiting enough patients in a timely fashion to identify drug efficacy in pulmonary fibrotic diseases, drug developers may seek to take advantage of a number of methods to speed development program efficiency. Such methods may involve innovative statistical modeling, novel trial design approaches, biomarker enrichment strategies, or some combination thereof. One example of innovative statistical modeling, called Bayesian dynamic borrowing (Dron et al., 2019), utilizes data from historical control cohorts to decrease the required number of control subjects, in some cases by up to 80%, without compromising statistical results (Dron et al., 2019). Similarly, efficiency in clinical development programs may be realized through the use of “master protocol” designs, such as confirmatory basket, umbrella and platform trials (Angus et al., 2019; Collignon et al., 2020). For example, adaptive platform trials (APTs) are perhaps least similar to the gold-standard randomized control trial, in that they study multiple interventions in a single disease (or condition) in a perpetual manner, with interventions allowed to enter or leave the platform on the basis of a decision algorithm’ (Woodcock and LaVange, 2017) rather than compare a single intervention with a control group. This approach allows for multiple treatment comparators to enter or leave a trial without having to halt the study or pause other investigative arms. Moreover, as the name implies, APTs may utilize within-trial adaptations such as response-adaptive randomization that allow for arms of a trial that are showing promise to preferentially recruit subsequent subjects, or rules that allow for transitioning from one phase to the next during the course of a trial (Angus et al., 2019). Finally, utilization of various biomarkers to allow early read-out of efficacy signals or to enrich trials for patients who will demonstrate progression over the course of a trial could also potentially improve study efficiency. While there are no universally agreed-upon biomarkers to achieve this goal, there has been substantial progress recently to detect blood biomarkers predictive of disease progression in IPF, such as markers of epithelial cell dysfunction and extracellular matrix remodeling: serum levels of surfactant protein A (SP-A) and D (SP-D) have been found correlated with reduced survival (Greene et al., 2002; Maher et al., 2017), and serum levels of Krebs von den Lungen 6 (KL-6) have been shown to be associated with acute exacerbations of IPF and mortality (Ishikawa et al., 2012; Maher et al., 2017). Cancer antigens CA 19-9 and CA-125 have been shown to be elevated in patients with progressive disease (Maher et al., 2017). Genetic variants of MUC5B and TOLLIP have been associated with disease progression (Oldham et al., 2015). Thus, opportunities are emerging to allow for enriching clinical trials for patients at higher risk of IPF progression; however, none of the molecular biomarkers have yet been validated in larger clinical trials. Also, it is likely that not a single biomarker, but a biomarker signature will most reliably predict disease progression. Fewer data are available on possible therapeutic biomarkers; recent studies have demonstrated a short-term dynamic change in various putative biomarker analytes in response to therapeutics that might be predictive of a subsequent response to therapy (Nanthakumar et al., 2019; Jenkins et al., 2020; Luo et al., 2020). Further studies of such biomarker effects will be necessary but suggest the feasibility of biomarker-driven studies to improve clinical trial efficiency. In conclusion, biomarkers are not ready for prime time yet. They are increasingly being used to indicate target engagement or proof of clinical principle, but no biomarkers are available to substitute FVC as an endpoint in pivotal clinical studies in fibrosing interstitial lung diseases.
Regulatory Requirements
The regulatory hurdles for registration of new drug candidates for IPF or fibrotic ILDs have been high in the past, requiring at least two replicate pivotal trials meeting their primary efficacy endpoint (i.e., decline in FVC) and providing acceptable safety over 1 year treatment duration. However, some light at the end of the tunnel can be seen that authorities may be increasingly willing to deviate from these classical rigid requirements, given the remaining high unmet need in pulmonary fibrosis and the challenges with existing clinical endpoints. An example is the recent approval byUS FDA of tocilizumab, an IL-6 inhibitor, to slow the rate of FVC decline in systemic sclerosis-associated ILD. This FDA approval is based on data from a single phase III randomized controlled clinical trial in 210 SSc-ILD patients with supportive evidence coming from a similar preceding (phase II) trial. The phase III trial did not meet its primary endpoint change from baseline to week 48 in the modified Rodnan Skin Score, a standard outcome measure for skin fibrosis in systemic sclerosis (Khanna et al., 2020), but showed stabilization of lung function in participants who received tocilizumab (mean change −14 vs. −255 ml; mean difference 241 ml), similar to the effect observed in the phase II trial which also missed its primary endpoint (Khanna et al., 2016). This recent approval indicates acknowledgement by the FDA of shortcomings and difficulties of available clinical endpoints for SSc-ILD, and that robust evidence may even by proven by consistent and substantial treatment differences in secondary outcomes such as FVC used in these studies.
CONCLUSION
Pulmonary fibrosis is believed to result from aberrant repair of repeated epithelial injury. Application of new technologies has shifted our research focus beyond fibroblast biology into the immune-fibrotic niche and its complex dysregulated interplay of diverse cell populations. Differential patient biology using cell systems and tissue directly from patients and patient-relevant stimuli, as well as enhanced in vivo animal models reflecting the fibrotic niche, has become the starting point for precision drug discovery. Clinical development of new therapeutics for the treatment of rare fibrotic lung conditions is hampered by e.g., patient heterogeneity and the lack of appropriate biomarkers to predict the disease trajectory for the individual patient to enable enrichment strategies. This imposes major challenges on clinical trial design and project development timelines. These will hopefully be overcome by improved and efficient trial designs which are accepted by regulatory authorities and ultimately pave the way to precision medicine approaches to provide the right treatment at the right time to the right patient suffering from pulmonary fibrosis.
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Background: Serum fibrosis markers for systemic sclerosis (SSc) remain limited. The Enhanced Liver Fibrosis (ELF) score is a collagen marker set consisting of procollagen type III amino terminal propeptide (PIIINP), tissue inhibitor of metalloproteinases 1 (TIMP-1), and hyaluronic acid (HA). This longitudinal study aimed to examine the performance of the ELF score and its single analytes as surrogate outcome measures of fibrosis in SSc.
Methods: Eighty-five SSc patients fulfilling the 2013 ACR/EULAR criteria with the absence of chronic liver diseases were enrolled. Serum PIIINP, TIMP-1, HA, and the ELF score were measured and correlated with clinical variables including the modified Rodnan skin score (mRSS) and interstitial lung disease (ILD). Twenty SSc patients underwent a follow-up serological testing and mRSS evaluation during treatment with immunosuppressants and/or anti-fibrotic drugs.
Results: Serum PIIINP, TIMP-1, and ELF score were significantly higher in patients with SSc than in healthy controls [PIIINP: 10.31 (7.83–14.10) vs. 5.61 (4.69–6.30), p < .001; TIMP-1: 110.73 (66.21–192.45) vs. 61.81 (48.86–85.24), p < .001; ELF: 10.34 (9.91–10.86) vs. 9.68 (9.38–9.99), p < .001]. Even higher levels of PIIINP, TIMP-1, and ELF score were found in patients with diffuse cutaneous SSc than those with limited cutaneous SSc. At baseline, both PIIINP and ELF score showed good correlation with mRSS (PIIINP: r = .586, p < .001; ELF: r = .482, p < .001). Longitudinal analysis showed that change in PIIINP positively correlated with change in mRSS (r = 0.701, p = .001), while change in ELF score were not related, in a statistical context, to the change in mRSS (ELF: r = .140, p = .555). Serum TIMP-1 was significantly higher in SSc patients with ILD, compared to the matched group of patients without ILD [109.45 (93.05–200.09) vs. 65.50 (40.57–110.73), p = 0.007].
Conclusion: In patients with SSc, the ELF score well correlates with the extent of skin fibrosis, while serum PIIINP is a sensitive marker for longitudinal changes of skin fibrosis. In the future, circulating collagen metabolites may potentially be used to evaluate therapeutic effects of anti-fibrotic treatments in the disease.
Keywords: enhanced liver fibrosis (ELF) score, hyaluronic acid, modified rodnan skin score (mRSS), procollagen type iii aminoterminal propeptide, systemic sclerosis (SSc), tissue inhibitor for metalloproteinase (TIMP)
INTRODUCTION
Systemic sclerosis (SSc) is a multisystemic connective tissue disease characterized by progressive fibrosis in the skin, lung and other internal organs. Pathological hallmarks of the disease include autoimmune response, collagen accumulation in affected tissues, and obliterative vasculopathy of the peripheral and visceral vasculature (Allanore et al., 2015).
There is an urgent clinical need to identify serum fibrosis markers in SSc. Ideally, the markers should be able to reflect the extent of fibrosis, run parallel with disease progression or regression, and respond to therapeutic interventions. Prior evidence has shown increased collagen synthesis and decreased collagenase activity in SSc derived fibroblasts (LeRoy, 1974; Stone et al., 1995). Consequently, a number of circulating collagen metabolites have been evaluated as candidate biomarkers for SSc over the past decades. However, at the moment, still no validated ones can be reliably used as surrogate outcome measures in clinical trials or routine medical care.
The Enhanced Liver Fibrosis (ELF) score is a serum marker panel consisting of three collagen metabolites, namely procollagen type III amino terminal propeptide (PIIINP), tissue inhibitor of metalloproteinases 1 (TIMP-1) and hyaluronic acid (HA). The composite index was originally derived from patients with chronic liver disease and shown to be predictive of liver fibrosis (Rosenberg et al., 2004; Parkes et al., 2010; Parkes et al., 2011). PIIINP is the amino terminal peptide released during the synthesis and deposition of type III collagen (Lapiere et al., 1971). TIMP-1 is a specific inhibitor of extracellular matrix (ECM) degradation enzymes (Kikuchi et al., 1997). HA is a large glycosaminoglycan involved in the formation of ECM and maintenance of myofibroblast phenotype (Webber et al., 2009). Serum levels of PIIINP, HA, or TIMP-1 were found to be increased in patients with SSc compared with healthy controls (Scheja et al., 1992; Freitas et al., 1996; Young-Min et al., 2001). The clinical implication of those markers further lied in their correlation with SSc disease activity and organ involvement (Kikuchi et al., 1995; Scheja et al., 2000; Yoshizaki et al., 2008). High levels of PIIINP and HA were also demonstrated as unfavorable predictors for survival in SSc (Scheja et al., 1992; Nagy and Czirják, 2005). More recently, the composite index ELF score was found to be superior to its individual components in reflecting overall fibrotic activity in two independent SSc cohorts (Abignano et al., 2014; Abignano et al., 2018). Besides, a pilot study on IgG4-related disease, another immune-mediated fibrotic disease, revealed that the ELF score could also be an useful indicator of treatment response (Della-Torre et al., 2015). However, evidence on SSc is still in limited amounts and longitudinal data are lacking.
This longitudinal study aimed to examine the performance of the ELF score and its single analytes as surrogate outcome measures of fibrosis in SSc.
MATERIALS AND METHODS
Study Subjects
A total of 85 SSc patients were enrolled in this single-center retrospective study. All patients fulfilled the 2013 ACR/EULAR classification criteria for SSc. Exclusion criteria were 1) chronic hepatitis B and C virus infection; 2) alcoholic liver disease; 3) non-alcoholic fatty liver disease; 4) primary biliary cirrhosis; 5) autoimmune hepatitis; 6) primary sclerosing cholangitis; 7) acute liver injury. Eighty-five age- and gender-matched healthy volunteers were recruited as controls. All SSc patients and controls had normal liver function with no signs of liver cirrhosis on ultrasound assessment. The study was approved by the local ethics committee and informed consent was obtained from all participants.
For patients with SSc, disease duration was calculated from the onset of both Raynaud’s phenomenon (RP) and the first non-RP symptom. Modified Rodnan skin score (mRSS) assessment was performed by a same experienced rheumatologist, blinded to the serological testing. Digital ulcer (DU) and pulmonary arterial hypertension (PAH) were identified based on previous literature (Plastiras et al., 2007; Baron et al., 2014). All patients underwent chest high-resolution computed tomography (HRCT) scan. Interstitial lung disease (ILD) was defined as typical radiologic changes affecting more than 5% of the lung parenchyma; the changes include ground-glass attenuation, reticular opacities, and honeycombing, with or without traction bronchiolectasis or bronchiectasis. Two visual semiquantitative HRCT scores were assessed. The overall HRCT score, based on the method describe by Ichikado and colleagues (Ichikado et al., 2006), was graded according to the types and extent (to the nearest 5%) of parenchymal abnormalities in six lung zones. The maximum fibrosis score (MaxFIB) was exclusively calculated from the zone of maximal lung involvement on a scale of 0–4 based on the percentage of area affected (Goldin et al., 2008). Two independent observers evaluated the images and the results were averaged to get the final HRCT scores.
Serum levels of PIIINP, TIMP-1, and HA were measured and clinical evaluations (including mRSS assessment and HRCT scan) were conducted in all the enrolled patients at baseline. Twenty SSc patients underwent a follow-up serological testing and mRSS evaluation during treatment with immunosuppressants and/or anti-fibrotic drugs. Serum was separated and stored at −80°C. The mRSS assessment and HRCT scan were performed within 3 days of the collection of blood samples.
Biochemical Measurements
The ELF score is an algorithm based on quantitative serum measurements of PIIINP, HA, and TIMP-1. Serum concentrations of PIIINP and HA were measured using the chemiluminescence immunoassay combined with the magnetic particles (MPCLIA) (Autobio Diagnostics, Zhengzhou, China). The MPCLIA combines the competitive enzyme immunoassay with the chemiluminescence technique. In this two-step assay, antigens (PIIINP or HA derivatives) are first pre-coated onto microtiter wells, then reference standards, specimens, and solution containing anti-PIIINP antibody or HA binding proteins are added, respectively. Then the plate is incubated. During incubation, PIIINP or HA presents in specimens or reference standards compete with precoated antigens for combining with PIIINP antibodies or HA binding proteins. When this step is fully completed, wash the microtiter plate to remove unbound materials. Add enzyme conjugate reagent, which combines with anti-PIIINP antibody or HA binding proteins attached on microtiter wells in the previous step. After a second incubation, remove unbound enzyme conjugates by washing. Add chemiluminescent substrates, measure the relative light unit (RLU) value for each well, construct calibration curves with values obtained from reference standards, calculate the serum concentrations of PIIINP and HA in each specimen through the calibration curves. PIIINP and HA concentrations in specimens are inversely proportional to relative light unit (RLU) values. Serum concentrations of TIMP-1 were determined by the sandwich enzyme-linked immunosorbent assay (ELISA) (Sangon Biotech and Bio Basic, Shanghai, China). The procedures are as follow. Add standard and sample to the microplate that have been pre-coated with anti-TIMP-1 antibody. After incubation, add biotin-conjugated anti-TIMP-1 antibody. It is then combined with horseradish peroxidase-conjugated streptavidin to form an immune complex, then incubated and washed to remove unbound enzyme, and then added to the chromogenic substrate TMB (3,3′,5,5′-Tetramethylbenzidine) to produce a blue color and converted to the final yellow under the action of acid. Finally, the absorbance (OD) value was measured at 450 nm. The concentration of TIMP-1 in the sample was proportional to the absorbance (OD) value and can be calculated by drawing a standard curve. The ELF score was calculated using the Siemens algorithm (Vali et al., 2020):
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Statistical Analysis
Statistical analysis was performed using SPSS Statistics (version 28.0), and graphs were constructed using R statistical package (version 4.1.2). Continuous variables were expressed as median (interquartile range) and categorical data as number and percentage. Welch’s t test was used to compare continuous variables between two groups and Mann-Whitney U test was applied as an alternative when the parametric assumptions were not met. Chi-square test and when indicated, Fisher’s exact test were used to compare the distribution of categorical variables between groups. Spearman’s rank correlation tests were employed to search for possible relationships between variables and post-hoc power analysis was conducted using Fisher’s asymptotic method. Multiple linear regression was used to evaluate independent predictors of the ELF score. Propensity score matching was used to generate comparable study groups. Propensity scores were estimated by logistic regression and matching was done at 1:1 ratio with a match tolerance of 0.05, based on the maximize execution performance analysis. p values of less than .05 (two-sided) were considered statistically significant.
RESULTS
A total of 85 SSc patients were enrolled, 47 with diffuse cutaneous SSc (dcSSc) and 38 with limited cutaneous SSc (lcSSc). Patient demographic and clinical features are summarized in Table 1. Medium age was 53 (38–62) years, and medium disease duration from the first non-RP symptom was 2.0 (1.0–5.0) years. Patient mRSS ranged from 0 to 41 with a medium of 8 (interquartile range: 3.5–17.5). Patients with DU, ILD, and PAH accounted for 32.9% (28), 57.6% (49), and 4.7% (4) of the study population, respectively. Positive anti-topoisomerase I antibody (ATA), anti-centromere antibody (ACA), and anti-RNA polymerase III antibody (ARA) were present in 47 (55.3%), 19 (22.4%), and 4 (4.7%) patients, respectively.
TABLE 1 | Demographic and clinical characteristics of 85 SSc patients.
[image: Table 1]Elevated Collagen Metabolites in Patients With SSc
Serum PIIINP, TIMP-1, and ELF score were significantly higher in patients with SSc than in healthy controls [PIIINP: 10.31 (7.83–14.10) vs. 5.61 (4.69–6.30), p < .001; TIMP-1: 110.73 (66.21–192.45) vs. 61.81 (48.86–85.24), p < .001; ELF: 10.34 (9.91–10.86) vs. 9.68 (9.38–9.99), p < .001], while no statistically significant difference was observed in serum HA between SSc patients and healthy controls [192.00 (124.17–265.07) vs. 168.16 (132.57–219.11) p = .206; Figures 1A–D]. Among patients, males showed remarkably higher PIIINP, TIMP-1, HA, and ELF score than females (p = .003, p = .008, p = .020, p = .001, respectively; Table 2), whereas no such gender dependency could be observed in healthy controls (p = .525, p = .160, p = .273, p = .257, respectively). Even higher levels of PIIINP, TIMP-1, and ELF score were found in dcSSc compared with lcSSc (p < .001, p = .017, p = .003, respectively; Table 2). Since there was a higher percentage of males in the dcSSc group than in the lcSSc group (27.7% vs. 10.5%, p = .050), a subgroup analysis by gender was further conducted to eliminate possible confounding. The results demonstrated still higher levels of PIIINP, TIMP-1, and ELF score in dcSSc in the female subgroup (p = .002, p = .029, p = 0.035, respectively; Figures 1E–H).
[image: Figure 1]FIGURE 1 | Serum PIIINP, TIMP-1, HA levels and ELF score in patients with SSc. (A–D) Serum PIIINP, TIMP-1, HA levels and ELF score in patients with SSc compared with healthy controls. (E–H) Serum PIIINP, TIMP-1, HA levels and ELF score in patients with diffuse cutaneous SSc compared with limited cutaneous SSc in males and females. A violin plot includes a fat line showing the median of the data, a box representing the interquartile range, upper and lower bars indicating the 5th and 95th centiles, and a shadow presenting the kernel probability density of the data at different values. The black dots stand for outliers and the white diamonds stand for mean values. HC, healthy controls; dcSSc, diffuse cutaneous SSc; lcSSc, limited cutaneous SSc; ns, not significant. ***p < .001, **p < .01, *p < .05.
TABLE 2 | Serum PIIINP, TIMP-1, HA levels and ELF score in patients with SSc stratified by main clinical characteristics.
[image: Table 2]As shown in Table 3, serum PIIINP, HA, and ELF score negatively correlated with disease duration from RP (PIIINP: r = −.348, p = .001, HA: r = −.320, p = .003; ELF: r = −.400, p < .001). Serum HA and ELF score positively correlated with age (HA: r = .456, p < .001, ELF: r = .353, p = .001). A similar age-related trend was also found in healthy controls (HA: r = .364, p = .001, ELF: r = .284, p = .012).
TABLE 3 | Correlation coefficient (r) between PIIINP, TIMP-1, HA, ELF score and continuous clinical variables in patients with SSc.
[image: Table 3]Collagen Metabolites as Indicators of Skin Fibrosis
At baseline, both PIIINP and ELF score showed strong correlation with mRSS, while only moderate correlations were observed for TIMP-1 or HA (PIIINP: r = .586, p < .001, power = .999; TIMP-1: .240, p = .035, HA: r = .237, p = .038; ELF: r = .482, p < .001; Table 3 and Figures 2A,B). Multiple linear regression analysis was performed and all the variables that were significantly correlated with those serum collagen metabolites in the univariate analysis were included as covariates. In multiple linear regression models, mRSS maintained to be a strong predictor for serum PIIINP, HA, and ELF score (p<.001, p = .012, p<.001, respectively).
[image: Figure 2]FIGURE 2 | Correlations between serum collagen markers and mRSS at baseline and during follow-up. (A) Serum PIIINP and mRSS at baseline. (B) ELF score and mRSS at baseline. (C) Change in PIIINP and change in mRSS over time. (D) Change in ELF score and change in mRSS over time.
The follow-up mRSS evaluation and serological testing were made at a medium of 3.4 (interquartile range: 2.1–9.6) months after the baseline assessment in 20 SSc patients. The clinical features and ongoing medications are summarized in Table 4. Specifically, immunosuppressants (including cyclophosphamide, mycophenolate mofetil, and methotrexate) and anti-fibrotic drugs (including nintedanib and pirfenidone) were used in 10 (50%) and 9 (45%) patients, respectively. In a longitudinal view, changes in PIIINP positively correlated with changes in mRSS (r = .701, p = .001, power = .895); in most cases, decrease in serum PIIINP levels was in parallel with improvement in skin fibrosis (Figure 2C). No significant correlations were observed between changes in TIMP-1, HA, or ELF and changes in mRSS (TIMP-1: r = −.170, p = .474; HA: r = −.126, p = .596, ELF: r = .140, p = .555; Figure 2D).
TABLE 4 | Clinical features and ongoing medications of the 20 SSc patients with longitudinal follow-ups.
[image: Table 4]Collagen Metabolites as Markers of Lung Fibrosis
Neither ELF nor its single components showed statistically significant differences between patients with or without ILD, although trends toward higher serum levels of collagen metabolites in patients with ILD were observed (Table 2). No linear correlation between collagen markers and semi-quantitative HRCT scores could be established either (Table 3).
To balance the distribution of demographic and clinical features, SSc patients with and without ILD were matched for age, gender, disease subtype, disease duration from RP onset and mRSS using propensity score matching. After matching, 30 patients remained (15 in each group) and two groups were well balanced in terms of the matched variables (Table 5). Serum TIMP-1 was significantly higher in patients with ILD, compared to the matched group of patients without ILD [109.45 (93.05–200.09) vs. 65.50 (40.57–110.73), p = .007], while no statistical difference was found in PIIINP, HA, and ELF score (p = .412, p = .285, p = .215, respectively; Table 5).
TABLE 5 | Clinical and serological parameters of SSc patients with and without ILD matched by propensity score matching.
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The present study illustrates longitudinal changes of serum collagen metabolites in SSc. A novel finding is the strong positive correlation between changes of PIIINP and changes of mRSS over time, which reveals that PIIINP could serve as a potent biomarker for monitoring skin sclerosis and active fibrosis in SSc.
Previous reports have documented a remarkable decrease in serum PIIINP after plasma exchange or immunosuppressive therapy in patients with SSc (Behr et al., 1995; Heickendorff et al., 1995; Cozzi et al., 2001). However, the clinical relevance of the serological changes remains elusive. In order to address this issue, we concurrently assess the serum collagen metabolites and the clinical parameter mRSS. Our data suggested that serum PIIINP could be a surrogate outcome measure in SSc, in parallel with the skin score. However, it should be noted that changes in serum PIIINP could not be linked to any specific treatment regimen in our study, since patients received various types of therapy, including immunosuppressants and anti-fibrotic drugs, either alone or in combination. Future studies are needed to investigate the potential of those collagen markers in monitoring therapeutic efficacy in different treatment subgroups of SSc patients.
Interestingly, longitudinal change in PIIINP exhibited strong correlation with longitudinal change in mRSS, probably superior to the ELF score in reflecting skin progression in patients with SSc. This may result from the multiparametric nature of the ELF algorithm, where every single marker reflects a different aspect of the fibrotic process. Indeed, PIIINP and TIMP-1 respectively represent increased collagen formation and decreased collagen degradation. HA was superior in identification of advanced fibrosis but much weaker than PIIINP or TIMP-1 in discriminating early fibrosis (Lichtinghagen et al., 2013). Considering the short disease duration and moderate mRSS of our study population, current data revealed that PIIINP could be a sensitive surrogate marker of fibrotic burden and disease progression in patients with early SSc. It should also be highlighted that the ELF score was initially derived from a chronic liver disease cohort. The algorithm and reference ranges, specially tailored to assess liver fibrosis and predict liver-related events, may not be readily applicable to SSc. Our results reaffirmed the necessity to develop a disease-specific algorithm based on the clinical implication and analytical performance of individual markers in SSc.
It should also be highlighted that every single marker is differentially affected by confounding factors, which can further complicate the results of the composite score ELF. In the present study as well as previous reports, age is established as a putative confounder for serum HA in both healthy controls and SSc patients (Lichtinghagen et al., 2013; Dellavance et al., 2016). Besides, the diet-related intraday variation of serum HA was reported to be as high as 70% (Lichtinghagen et al., 2013). Disease duration is another influencing factor to be reckoned with. Patients with shorter SSc disease course tended to have higher levels of collagen metabolites, which can be attributed to the active ECM turnover in early phase of the disease (Scheja et al., 2000), and is also in agree with the spontaneous regression of skin fibrosis in some SSc patients (Allanore et al., 2015). Hence, we believe that those serum collagen markers are more valuable when used for within-individual comparisons during follow-ups, while between-individual comparisons should be avoided to prevent misinterpretation of the results.
Recently, Dobrota and colleagues reported that high serum levels of PRO-C3 (the PIIINP neo-epitope) significantly predicted skin progression in SSc, after adjustment for mRSS, sex, and age (Dobrota et al., 2021). PRO-C3 is identified as a more dynamic marker of fibrogenesis than PIIINP, since the antibody applied in PRO-C3 assay only recognized the epitope on PIIINP where the propeptide is cleaved from the intact type III collagen (Nielsen et al., 2013). However, considering that previous investigations in healthy controls found no significant correlation between serum levels of PRO-C3 and PIIINP (Nielsen et al., 2013), the clinical implications of those two serum biomarkers still require further comparing and exploring in SSc cohorts. In the current study, an attempted has also been made to evaluate the predictive effects of serum collagen markers on longitudinal change in mRSS. However, the results were inconclusive due to the small sample size and larger samples are required before valid conclusions can be drawn.
In regard to lung involvement, Abignano and colleagues demonstrated that the ELF score was significantly higher in patients with ILD compared to those without (Abignano et al., 2014), while in the present study, only TIMP-1 showed difference between the two groups of patients. The conflicting results may be explained by the fact that the ELF score is more of a marker for overall fibrotic activity in SSc, rather than a marker for specific organ involvement (Abignano et al., 2018). Though propensity score matching was used to balance the distribution of several demographic and clinical features in our study, multisystem fibrotic conditions could still complicate the results. Indeed, it is no easy job to evaluate ILD using serological markers alone, and a combined clinical and collagen marker algorithm to predict lung function decline in SSc is currently under development (Hutchinson et al., 2021).
This study is limited by the sample size and retrospective design. Serial measurements are warranted to determine the sensitivity of serum collagen markers to fibrotic changes over a longer period of time. Second, the minimal clinically important difference of serum biomarkers was not estimated in the study, making it hard to evaluate the effect of a given therapy through the serological measurements. Third, potential serum markers for progression of ILD are also well worthy to be explored in patients with SSc. However, due to the retrospective nature of the study, sequential pulmonary function tests were only performed in less than half of the patients and no conclusion can be drawn from this extremely small cohort at the moment. In addition, there is a technical detail to be mentioned that serum PIIINP, TIMP-1, and HA were analyzed using commercial reagents, rather than the integrated platform for ELF in the current study. Considering the inevitable manufacturer-based variation, cross-study comparisons of data from the present study and previous literature have to be made with care.
In conclusion, our study shed new light on the validity of serum collagen metabolites as reliable markers of fibrosis in SSc. We unveil for the first time that changes in PIIINP correlate well with changes in clinical outcome. In the future, collagen markers could potentially be used to evaluate therapeutic effects of anti-fibrotic treatments in SSc. Research is also needed to establish a disease-specific collagen index to better reflect the fibrotic process in SSc.
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Background: Treatment of functional dyspepsia (FD) in children is generally symptomatic and unsatisfactory. Traditional Chinese medicines, such as Shenqu Xiaoshi Oral Liquid (SXOL), have been recommended to alleviate dyspeptic symptoms. However, evidence of their safety and efficacy remains limited to date. AIM: To assess whether 2 weeks of therapy with SXOL was non-inferior to domperidone syrup in children with FD.
Methods: In this randomized, double-blind, double-simulated, non-inferiority, multi-center clinical trial, we recruited children (3–14 years) with FD according to the Rome IV criteria from 17 tertiary medical centers across China. Patients were randomly allocated (1:1) to receive SXOL or domperidone syrup for 2 weeks. We compared the participants’ clinical scores from both groups based on the severity and frequency of dyspepsia symptoms according to Rome IV criteria (0, 1, 2, and 4 weeks after randomization). The primary endpoint was the total response rate, which was defined as the proportion of patients with a decrease of 30% or more in the FD symptoms clinical score from baseline, at the end of the 2-weeks treatment. A non-inferiority margin of -10% was set. Secondary endpoints and adverse events were assessed. This trial is registered with www.Chictr.org.cn, number ChiCTR1900022654.
Results: Between February 2019 and March 2021, a total of 373 patients were assessed for eligibility, and 356 patients were enrolled and randomized. The clinical response rate at week two was similar for SXOL [118 (83.10%) of 142] and domperidone [128 (81.01%) of 158]; difference 2.09; 95% CI −6.74 to 10.71, thereby establishing non-inferiority. The total FD symptom scores were significantly improved in the two groups at 1-, 2-, and 4-weeks follow-up periods (p < 0.005). The decrease in symptom score compared with the baseline were similar between these two groups. Over the total study period, 10 patients experienced at least one treatment-related adverse event [six (3.37%)] in the SXOL group, four [(2.25%) in the domperidone group], although no serious adverse event was noted.
Conclusion: Treatment with SXOL effectively improves dyspeptic symptoms and is well tolerated. In addition, it is not inferior to domperidone syrup and leads to sustained improvement in Chinese children with FD.
Keywords: Shenqu Xiaoshi oral liquid, traditional Chinese medicine, functional dyspepsia, domperidone syrup, children
INTRODUCTION
Functional dyspepsia (FD) presents with chronic symptoms of postprandial fullness, early satiation, or epigastric pain/discomfort when no evidence of systemic, organic, or metabolic disease is found. The Rome IV criteria divide childhood FD into postprandial distress syndrome (PDS) and epigastric pain syndrome (EPS), based on their main symptoms (Hyams et al., 2016). FD is one of the most frequent functional gastrointestinal disorders (FGIDs), affecting approximately 4.5–7.6% of children worldwide (Korterink et al., 2015; Robin et al., 2018). FD in children poses a risk for physical and psychosocial distress, along with school absences and considerable negative financial impact on healthcare (Brook et al., 2010).
Although the exact pathogenesis of FD remains unclear, several pathophysiological mechanisms have been proposed to influence the etiology of FD, such as gastroduodenal motor dysfunction, visceral hypersensitivity, low-grade gastroduodenal inflammation, Helicobacter pylori infection, mental stress, and/or abnormal central nervous system processing through the gut-brain axis (Koppen et al., 2017; Walker et al., 2019; Shava et al., 2021). Most pediatricians commonly personalize the patient’s medical treatment, including dietary modifications, prokinetics, antacids, antispasmodics, antidepressants, and analgesics according to their predominant symptoms and associated comorbidities (Hyams et al., 2016; Browne et al., 2018; Masuy et al., 2019). Nonetheless, their effectiveness remains unsatisfactory. In addition, the potential side effects of long-term use of these synthetic drugs cause concerns (Perez and Youssef, 2007; Yang et al., 2017). Therefore, the prevalence of complementary and alternative medicine, including traditional Chinese medicine (TCM), applied to FGIDs continues to increase worldwide (Deutsch et al., 2020). Among these options, the role of TCM is difficult to ignore in the treatment of FD in children (Saad and Chey, 2006; Yeh and Golianu, 2014).
According to TCM theory, the lesion producing dyspepsia is located in the stomach and involves the liver and spleen. Spleen deficiency and qi stagnation are considered the core pathological mechanism (Lv et al., 2017). Thus, a variety of TCM-based therapies have been developed for treating FD, such as oral Xiangsha Liujunzi granules (Saad and Chey, 2006) and acupuncture treatment (Sun et al., 2018), whose effectiveness and safety have been validated. Shenqu Xiaoshi Oral Liquid (SXOL) is a newly developed, patented Chinese traditional medicine. The formulation is based on the ancient compounds included in Baohe Pills, Sijunzi Decoction, and Shaoyao Gancao Decoction, which promote stomach digestion, ameliorate spleen dysfunction in transportation, regulate qi, and alleviate epigastric pain. However, evidence regarding the clinical efficacy and safety of SXOL is yet limited.
The dopamine antagonist domperidone appears to have maximal prokinetic effect in the upper gastrointestinal (GI) tract and is effective for FD symptoms such as early satiety, bloating, anorexia, nausea, vomiting, epigastric pain, and regurgitation in both adults and children (Barone, 1999; Yang et al., 2017; Karunanayake et al., 2018; Pittayanon et al., 2019). Additionally, short-term usage of domperidone did not increase adverse events compared with patients that received a placebo (Karunanayake et al., 2018; Pittayanon et al., 2019). A similar randomized controlled trial (RCT) investigated the influence of hippophae rhamnoides on appetite factors and gastric emptying in children with FD, using domperidone as positive control (Xiao et al., 2013).
Although SXOL has already been clinically applied for the treatment of FD in pediatric patients, there is still a lack of solid evidence regarding its clinical efficacy and safety from well-designed, multicenter, double-blind, randomized, and controlled clinical trials. In the present study, we aimed to conduct a positive-controlled trial using one of the available traditional treatment options to support the use of SXOL in FD children. Hence, this multicenter RCT assessed whether 2 weeks of therapy with SXOL was non-inferior to domperidone syrup in terms of the response rate observed in children with FD.
MATERIALS AND METHODS
Subjects
Subjects were recruited by pediatric gastroenterologists in the outpatient clinics in 17 tertiary medical centers across China between February 2019 and March 2021. Children and adolescents were considered eligible subjects if they met the following inclusion criteria: 1) Outpatients aged 3–14 years old. 2) Diagnosed with FD, according to Rome IV criteria (Hyams et al., 2016). 3) Informed consent was obtained from the parents/guardians of the participant. If the child was more than 10 years old, additional informed consent would be required from the participant. 4) During the 2-weeks lead-in period, no relevant drugs for the treatment of dyspepsia were used, good eating habits have been established, and the FD symptoms still existed. In addition, subjects would be excluded from the study if they met any of the following exclusion criteria: 1) Dyspepsia caused by organic diseases, such as acute and chronic gastroenteritis, peptic ulcer, history of gastrointestinal surgery, acute and chronic hepatitis, anorexia nervosa, and anorexia caused by certain drugs; 2) Simultaneous treatment that can cause constipation or enhanced GI motility; (3) Moderate or severe malnutrition; 4) Serious primary diseases of the cardiovascular, nervous, respiratory, hepatobiliary and urinary systems; 5) Mental disorders, intellectual disabilities, and/or communication impairments; 6) Allergy to the ingredients of SXOL or domperidone syrup; 7) Participated in a clinical trial within the past 12 weeks; 8) Individuals deemed unsuitable for this clinical trial.
This RCT was approved by the Medical Research Ethics Committee of Ruijin Hospital Affiliated to Shanghai Jiaotong University School of Medicine and by the independent ethics committee of each center. The study was conducted in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained from parents/guardians of each participant under 10 years old. If the participant was over 10 years old, informed consent was given by the parents/guardians and the participant.
Trial Design
A randomized, double-blinded, double-analog, positive-controlled study design was used in accordance with the SPIRIT 2013 explanation and elaboration: guidance for protocols of clinical trials (Chan et al., 2013). The study was divided into three stages: a 2-weeks screening period, a 2-weeks treatment period, and a 2-weeks taper period. During the 2-weeks screening period, patients received education regarding behavioral modifications of diet through family training. Then, participants were randomized into the SXOL or domperidone group in a 1:1 ratio using the block randomization method. During the trial, no additional TCM or western drugs related to the treatment of FD were allowed. Patients were evaluated at 0, 1, 2, and 4 weeks after randomization. This trial was registered at chictr.org.cn (no. ChiCTR1900022654). All authors had access to the study data as well as reviewed and approved the final manuscript.
Interventions
The SXOL group received SXOL plus placebo-1, while the domperidone group received domperidone syrup plus placebo-2. SXOL was provided by Jiangsu Pharmaceutical Co., Ltd., Yangzijiang Pharmaceutical Group; national medicine permission number Z20153035. SXOL should be taken half an hour after meals, three times a day. The dosage was determined by age according to the formal package inserts of SXOL: 3–4 years old, 5 ml/dose; 5–14 years old 10 ml/dose. Domperidone syrup, manufactured by Xian Janssen Pharmaceutical Co., Ltd., should be taken 15 min before meals, three times a day. The dosage was determined by age according to the formal package inserts of domperidone syrup: 3 years old, 4ml/dose; 4–6 years old 5 ml/dose; 7–9 years old 7 ml/dose, 10–12 years old 9 ml/dose, 13–14 years old 10 ml/dose. The placebo −1 and −2, provided by Jiangsu Pharmaceutical Co., Ltd., Yangzijiang Pharmaceutical Group, did not have any drug component and were each similar to domperidone syrup and SXOL, respectively, in terms of shape, texture, color, odor, taste, adjuvants, and dosage. Subjects, investigators, research coordinators, and statisticians were blinded to treatment assignment until analyses were completed. Patients returned any remaining study drug and empty bottles at each visit (compliance defined as ingestion of the intended dose over 80% and under 120%).
Assessments
During this trial, we assessed semi-quantitative scores on FD symptoms, adverse events (AEs), clinical laboratory parameters, vital signs, and physical exams. The assessments schedule is shown in Supplementary Table S1. We focused on the severity and/or frequency of eight major symptoms, namely postprandial fullness, early satiation, epigastric pain or burning, loss of appetite, decreased food intake, nausea or vomiting, belching, and defecation frequency, totally 11 scoring items. Each item scored 0–3 points according to its degree: thus, the highest total score was 33 points. Higher scores in a patient represented more severe symptoms. The semi-quantitative symptom scoring standard is shown in Supplementary Table S2. The patient-reported symptom scores were evaluated at day 0, week 1, week 2, and week 4. Efficacy index (EI) was calculated as (points before treatment—points after treatment)/points before treatment ×100%. Criteria for curative effect comparing to the baseline were as follows: ① symptom disappearance: the main symptoms disappeared or almost disappeared, EI ≥ 95%; ② significant response: the main symptoms were significantly improved, 70% ≤ EI<95%; ③ response: the main symptoms were improved to a meaningful degree, 30% ≤ EI <70%; ④ invalid: the main symptoms were slightly improved, or even aggravated, EI <30%. The symptom disappearance rate was calculated as the proportion of subjects whose clinical symptoms disappeared. The same approach was used for the rest of the categories, obtaining a significant response, response, and invalid rates. We also assessed the improvement of body weight and diet time. Additionally, the treatment emergent adverse events (TEAEs) and treatment related adverse events (TRAEs) determined by researchers were recorded as safety data.
Endpoints
The primary endpoint was the response rate 2 weeks after randomization, which was defined as the proportion of patients whose composite FD symptom score decreased more than 30% compared with baseline. The secondary endpoints included: the clinical symptom disappearance and significant response rates 2 weeks after randomization; the clinical symptom disappearance, significant response and response rates 1 and 4 weeks after randomization; the total symptom score reductions relative to the baseline, each single symptom score reduction relative to the baseline, and the improvement of body weight and diet time at each follow-up time point. The safety endpoints included the incidence of TEAEs, TRAEs, and serious adverse events, and the percentage of subjects who experienced adverse events.
Sample Size and Statistical Analysis
The sample size was determined by assuming that the total response rate of both the domperidone syrup and Shenqu Xiaoshi Oral Liquid was nearly 90% according to the results of a previous phase III clinical trial (Deng et al., 2021). A one-sided normal approximation test for non-inferiority with a margin of −10% and α = 0.05 showed that 142 patients per treatment group would provide a power of 80%. To adjust for up to a 20% dropout rate, the sample size was set at 178 patients per treatment group.
All statistical analyses were performed using SAS software (version 9.4), and tests were done at a 0.05 significance level unless otherwise noted. The patients who took medication at least once after randomization and have corresponding post-medication evaluations were analyzed as the full analysis set (FAS). Missing data about total symptom score at week two in FAS were imputed by the last-observation-carried-forward method. Patients in FAS who have good treatment compliance (actual dosage/expected dosage (daily dosage*expected days) = 80–120%) and have complete the case report form were analyzed as per protocol set (PPS). Safety set (SS) includes all patients who received study treatment at least once with safety assessment during the trial. The primary endpoint was analyzed in the FAS and PPS, and secondary endpoints were analyzed in the FAS. The safety of the treatment was analyzed in the SS.
Continuous data were presented as the mean ± standard deviation (SD) and analyzed using student’s t-test, while categorical data were presented as numbers (percentages) and analyzed using the chi-square test or Fisher exact test. For the primary endpoint, the total effective rate response rate and its 95% confidence interval (CI) for each group were calculated using the Clopper-Pearson method. The rate difference between the two groups and their 95% CI were calculated using the Newcombe-Wilson method. Non-inferiority was declared if the lower limit of the CI was −10%. For the secondary endpoint expressed as continuous variables (total symptom score, individual symptom score, weight, amount of food intake, and diet time), ANCOVA models were used to compare the difference of change from baseline between two groups and calculate its 95% CI. Total response rates were also compared between the SXOL and domperidone groups in certain subgroups, such as age (≤6 years old; >6 years old), sex (boy; girl), body mass index (BMI) (≤15; >15), type of FD (EPS; PDS; EPS and PDS), education level of parents (below college; college or above), course of disease (≤3 months; >3 months), among others.
RESULTS
Patient Baseline Characteristics
In this study, 373 outpatients with a suspected diagnosis of FD were screened, of whom 17 were excluded. Consequently, a total of 356 patients were enrolled and randomly assigned to the SXOL group (n = 178) or domperidone group (n = 178) at week 0. Ultimately, 23 failed to enter the FAS, whereas 56 failed to enter the PPS. Patient enrolment, randomization, and follow-up are shown in Figure 1. The drop-out rate did not significantly differ between these two groups. Overall, patient demographics and disease characteristics (age, gender, BMI, subtypes proportion, total clinical scores, etc.) at baseline showed no significant differences between the groups in FAS analysis (all p > 0.05), thus suggesting the backgrounds were comparable between these groups before treatment (Table 1).
[image: Figure 1]FIGURE 1 | Flow diagram.
TABLE 1 | Baseline characteristics of the study population in FAS.
[image: Table 1]Primary Endpoint
Based on FAS analysis, 136 (82.93%, 95% CI 76.28–88.35) of 164 patients assigned to SXOL group and 137 (81.07%, 95% CI 74.33–86.67) of 169 patients assigned to domperidone group achieved a clinical response at week 2 [difference 1.86% (95% CI −6.45–10.11)]. Similar results were observed for the PPS at week 2, with 118 (83.10%, 95% CI 75.90–88.86) of 142 in the SXOL group and 128 (81.01%, 95% CI 74.02–86.81) of 158 in the domperidone group achieving response [difference 2.09% (95% CI −6.74–10.71)] (Table 2). Overall, prespecified non-inferiority criteria were met for both populations and SXOL was considered non-inferior to domperidone syrup.
TABLE 2 | Response, significant response and symptoms disappear rate at weeks 1, 2, and 4.
[image: Table 2]Secondary Endpoints
After 2 weeks of treatment, FAS analysis revealed that 45.73% (95% CI 37.94–53.68) of patients from the SXOL group achieved significant response in comparison to 45.56% (95% CI 37.90–53.39) of patients from the domperidone group, with a non-statistical difference (p = 0.975). In addition, 14.63% (95% CI 9.61–20.99) of patients from the SXOL group achieved symptom disappearance in comparison to 17.16% (95% CI 11.80–23.71) in the domperidone group according to FAS analysis, without a statistical difference (p = 0.529). The total response rate at week 4 (2 weeks after withdrawal) was well maintained and similar between the groups (85.37 vs. 87.57%, p = 0.556). Similarly, the significant response rate and symptom disappearance rate were well maintained at week 4 (Table 2).
The total scores of clinical symptoms were significantly reduced relative to the baseline at weeks 1, 2, and 4 after randomization in both groups. Furthermore, there was no significant difference in the degree of improvement between the two groups (p > 0.05), as illustrated in Figure 2A. Moreover, the two groups achieved good results in gaining weight, shortening eating time, and increasing food intake, but there was no statistical difference between them (Figure 2).
[image: Figure 2]FIGURE 2 | Treatment effects in different time point. (A) Decrease of symptom total score compare with baseline. (B) Weight gaining from baseline (kg). (C) Shortening of diet time from baseline (minute). (D) Response rate of food intake increasing more than 30%.
There was no significant difference in the response rate at week two between the two groups when comparing the different subgroups based on age, sex, BMI, subtype classification, education level of parents, and course of disease (p > 0.05) (Figure 3). Concerning the evaluation of the individual upper GI symptoms, only early satiety showed a significantly less improvement at week two in the SXOL group [95% CI −1.37 (−1.56–1.17)] compared with the domperidone group [95% CI −1.69 (−1.88–1.50)]. Although domperidone seemed more effective than SXOL in relieving early satiety symptoms [95% CI 0.32 (0.05–0.59), p = 0.02], SXOL [95% CI −0.61 (−0.69–0.52)] had a potential advantage over domperidone [95% CI −0.50 (−0.58–0.42)] in the improvement of epigastric pain severity at 2 weeks after the intervention; however, no statistical difference was found between groups [95% CI −0.11 (−0.23–0.01), p = 0.08], as shown in the Supplementary Table S3.
[image: Figure 3]FIGURE 3 | Forest plot (Response rate at week two in different subgroups).
Adverse Events
A total of 60 adverse events occurred in 41 patients during the trial. Twenty-six patients (14.61%) in the SXOL group experienced 29 TEAEs, of which six (3.37%) patients experienced TRAEs and no serious adverse event was noted. In the domperidone group, 25 patients (14.04%) experienced 31 TEAEs, of which four (2.25%) patients experienced TRAEs and no serious adverse event was noted. This information is shown in Table 3.
TABLE 3 | Safety analysis.
[image: Table 3]DISCUSSION
FD is a highly disabling FGIDs for children, as it is associated with negative health outcomes and decreased psychosocial functioning, leading to frequent treatment-seeking behaviors and huge demand for medical resources (Perez and Youssef, 2007; Brook et al., 2010; Mani et al., 2020). As the exact pathogenesis of FD is unknown, treatment of FD in pediatric patients is challenging, mostly symptomatic, not well defined, and often used for months or years (Hyams et al., 2016; Browne et al., 2018). This RCT confirmed that treatment with SXOL for 2 weeks effectively alleviated FD symptoms with reasonable toleration, which was not inferior to domperidone syrup, and sustained improvement after withdrawal in Chinese children.
A considerable number of herbal products have been recommended alone or in combination for the treatment of dyspeptic symptoms (Thompson Coon and Ernst, 2002; Yang et al., 2013; Zhang et al., 2013; Giacosa et al., 2015; Fifi et al., 2018). For example, Zhizhu Kuanzhong is superior to placebo in the treatment of PDS due to its higher response rate (54.7 vs 38.8%) (Xiao et al., 2019). A recent meta-analysis has demonstrated that Rikkunshito, which is a Japanese Kampo-herbal medicine, exhibited a significantly higher total clinical efficacy rate compared with western medicine (relative risk = 1.21, 95% CI 1.17 to 1.25, p < 0.001) (Ko et al., 2021).
SXOL is composed of the following TCM crude drugs: Liu Shenqu (Massa Medicata Fermentata), charred hawthorn (Crataegi Fructus), charred malt (Hordei Fructus Germinatus), Paeoniae Radix Alba, Codonopsisradix, Poria, Rhizoma Atractylodis Macrocephalae Stir-fried with Bran, Aucklandiae Radix, Fructus Amomi, Rhizoma Corydalis, Glycyrrhizae Radix Et Rhizoma Praepapata Cum Melle. The formulation acts by promoting stomach digestion, invigorating the spleen, regulating qi, and alleviating epigastric pain according to TCM theory. It can be used for children with weak spleen and stomach caused by improper feeding or unregulated diet, as well as for anorexia, loss of appetite, and reduced appetite caused by the diet stagnation syndrome. The indications of SXOL in this trial were similar to those published, which recommended this concoction for children with FD. The sovereign drugs of SXOL, including Liu Shenqu, charred hawthorn, and charred malt, which are commonly known as “Jiao Sanxian”. Their effects include invigorating the spleen and appetizing the stomach, eliminating accumulation, and resolving stagnation, by respectively promoting the digestion of pasta, meat, and rice. For these reasons, “Jiao Sanxian” is a widely used medicine for enhancing digestion and improving stagnation in China. Recently, a basic study reported that “Jiao Sanxian” can improve functional dyspepsia in rats and the mechanism involves regulating the secretion of brain-gut peptides, improving the disorder of intestinal flora and ameliorating multi-metabolic pathways (Liu et al., 2021).
Other main components, such as Hawthorn, Atractylodis Rhizoma, Codonopsis, Amomi Fructus, and Rhizoma Corydalis, have been used as traditional medicines and/or food materials, which have extensive pharmacological activities in gastrointestinal function regulation and almost no toxicity. Hawthorn is a commonly used TCM for treating dyspepsia, which has been proven to improve gastrointestinal motility by plasma metabolomics, particularly in relation to amino acid metabolism and primary bile acid biosynthesis (Wang et al., 2021). A recent review suggested that Atractylodis Rhizoma improved gastrointestinal function by stimulating gastric emptying, small intestinal motility, or anti-gastrointestinal mucosal injury (Zhang et al., 2021). Codonopsis regulates gastrointestinal function, neuroprotection, endocrine function, etc., (Gao et al., 2018). Evidence on Amomi Fructus has confirmed that it exerts gastrointestinal protection, along with exhibiting anti-inflammatory, analgesic, antidiarrheal, and anti-microbial activities (Suo et al., 2018). Based on prior research, Rhizoma Corydalis has analgesic, antidepressive, anti-anxiety, acetylcholinesterase inhibitory, anti-gastrointestinal ulcer, and anti-inflammatory effects (Tian et al., 2020).
The present study was the first multicenter, positive-controlled RCT to investigate the efficacy of SXOL in alleviating symptoms of FD in children and adolescents, according to the Rome IV criteria, with the purpose of providing an additional effective prescription for the clinical treatment of this disease. In this RCT, non-inferiority was established when the SXOL group was compared with the domperidone group in the FAS and PPS analysis. This was demonstrated by the 95% CI for the treatment difference in the primary endpoint (total response rate at week 2) falling within the prespecified margins, which means that SXOL was as useful as domperidone in children with FD. Furthermore, we found benefits from both the use of domperidone as a prokinetic agent and of SXOL as a TCM in the treatment of FD in children. This study indicated that the total clinical scores of dyspeptic symptoms were significantly reduced relative to the baseline at 1, 2, and 4 weeks after randomization in both SXOL and domperidone syrup groups (p < 0.05), and the degree of reduction was similar between the two groups (p > 0.05). Symptoms did not rebound after drug withdrawal, which was an important efficacy indicator that should be evaluated for FD treatment. The beneficial effects in the total clinical scores and the total response rate were maintained for at least 2 weeks after withdrawal treatment in both groups.
The gastrointestinal motor disorder is considered a major pathophysiological mechanism underlying symptoms of FD, which leads to impaired myoelectric activity, gastric accommodation, and gastric emptying (Sanger and Alpers, 2008). Domperidone is a prokinetic agent which markedly alleviates dyspeptic symptoms; however, the potential adverse reactions (especially the cardiac and neural toxicity) limit its long-term clinical application (Reddymasu et al., 2007; Yang et al., 2017; Vijayvargiya et al., 2019; Sayuk and Gyawali, 2020). According to this RCT, SXOL may be a reasonable alternative to conventional prokinetic drugs to improve the symptoms of FD children. Moreover, according to the theory of TCM and relevant basic research, SXOL may also have several additional effects besides the prokinetic effect, which is helpful to alleviate epigastric pain and promote digestion.
Although there were no meaningful differences in the response rate at week two among the different subgroups based on the forest plot analysis (p > 0.05), SXOL might potentially be better for girls suffering from FD [95% CI 6.73 (−7.10–19.91)]. In addition, considering different subtypes, children diagnosed with either PDS [95% CI 8.19 (−5.11–21.69)] or EPS [95% CI 6.36 (−15.96–25.82)] might respond better to SXOL, but domperidone might be more effective for those overlapping PDS and EPS [95%CI −4.51 (−16.85–7.86)]. SXOL might be more effective for children whose fathers have college or above education level [95%CI 6.73 (−3.95–17.28)] (Figure 3). In terms of the improvement of single symptoms, SXOL seemed to have advantages in alleviating upper abdominal pain, nausea or vomiting, and belching, while domperidone syrup seems to have a better effect on early satiation and loss of appetite. Although there were no statistically significant differences between groups in these single symptoms, increasing the sample size or prolonging the course of treatment may further clarify the efficacy target of the two therapeutic drugs on FD.
Treatments were well tolerated throughout our study. Similar proportions of patients experienced at least one treatment-related adverse event between the test and control group (3.37 vs. 2.25%). In addition, rates of discontinuation due to treatment-related adverse events were similar between groups: therefore, SXOL was considered to be well tolerated. Studies have shown that domperidone was effective for the symptomatic relief of FD. However, considering the adverse events related to domperidone, such as intestinal colic, hyperprolactinemia, diarrhea, headache, and skin scare, solely a short-term use of this drug would be recommended (Yang et al., 2017). TCM can be used as another safe treatment option instead of chemical synthetic medicines.
Our study included children from 17 centers throughout China to ensure the extrapolation of the results through reduction of response bias to the intervention. Additionally, the subjects, parents, investigators, and statistician were blinded for the received treatments, which eliminated subjective bias and personal preferences that might appear in the consciousness of experimenters and participants. Another strength of the study was the follow-up after withdrawal, which allowed us to observe continuous improvement in symptoms.
This study also had several limitations. First, it was not powered to show statistically non-inferiority between SXOL and domperidone syrup for the marked response rate and the significant advantage for EPS or PDS between groups, which might be due to insufficient sample size. The second limitation was that the duration of treatment and follow-up after withdrawal might not be sufficient for efficacy and safety observations. Third, we did not screen and analyze according to the dialectical theory of traditional Chinese medicine, which might be more helpful to find the most suitable indication population of SXOL. Further studies that control for the above-mentioned limitations are needed to confirm the results of this study. Finally, SXOL is composed of 11 TCM ingredients and its complex action mechanisms warrant further investigation.
CONCLUSION
In conclusion, despite the high prevalence of FD in children, gold standards are not available for its treatment. This RCT is, to our knowledge, the first investigation of the therapeutic efficacy of a TCM (Shenqu Xiaoshi Oral Liquid) powered to show non-inferiority to domperidone syrup in children with FD. Additionally, it shows scientific and confirmatory evidence of extrapolation of SXOL. The results demonstrate that SXOL was well tolerated and that it does not present clinically meaningful differences in compliance and safety compared with domperidone syrup. Therefore, SXOL can be considered a novel efficacious treatment strategy to help children with FD.
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Rhizoma Paridis is a traditional Chinese medicine commonly used in the clinical treatment of gynecological diseases. Previous studies have shown that aqueous extracts of Rhizoma Paridis exhibit some hepatotoxicity to hepatocytes. Here, using lipidomics analysis, we investigated the potential hepatotoxicity of Rhizoma Paridis and its possible mechanism. The hepatic damaging of different solvent extracts of Rhizoma Paridis on zebrafish larvae were determined by a combination of mortality dose, biochemical, morphological, and functional tests. We found that ethyl acetate extracts (AcOEtE) were the most toxic fraction. Notably, lipidomic responsible for the pharmacological effects of AcOEtE were investigated by Q-Exactive HF-X mass spectrometer (Thermo Scientific high-resolution) coupled in tandem with a UHPLC system. Approximately 1958 unique spectral features were detected, of which 325 were identified as unique lipid species. Among these lipid species, phosphatidylethanolamine cardiolipin Ceramide (Cer), lysophosphatidylinositol sphingosine (Sph), etc., were significantly upregulated in the treated group. Pathway analysis indicates that Rhizoma Paridis may cause liver damage via interfering with the glycerophospholipid metabolism. Collectively, this study has revealed previously uncharacterized lipid metabolic disorder involving lipid synthesis, metabolism, and transport that functionally determines hepatic fibrosis procession.
Keywords: Lipidomics, Rhizoma Paridis, hepatic Fibrosis, DILI, traditional Chinese Medicine
INTRODUCTION
Drug-induced liver injury (DILI), which can be caused by conventional clinical drugs, herbal medications, and dietary supplements (Kuna et al., 2018; Tillmann et al., 2019), is also the most common cause of acute liver failure in the United States and Europe (Fontana et al., 2014). DILI can be affected by many factors, such as gender, age, ethnicity, pregnancy, alcohol consumption, and their interaction (Kumar et al., 2021). Therefore, early identification of DILI is essential primarily to improve drug safety and reduce the cost of drug development.
In a state of persistent liver injury (metabolic, cholestatic, or toxic), hepatocellular damage triggers a series of events that culminate in the activation of quiescent hepatic stellate cells (HSC) to a myofibroblastic (activated) HSC state (Mederacke et al., 2013). Multiple pathways direct HSC activation and ultimately leads to increased secretion of extracellular matrix proteins such as collagens that eventually accumulate in the liver parenchyma and lead to liver fibrosis (Friedman, 2008). Hepatic fibrosis is a repair response to diffuse over deposition and abnormal distribution of extracellular matrices such as glycoproteins, collagen, and proteoglycans after various injuries to the liver and is a critical step in the progression of various chronic liver diseases to cirrhosis. Although there have been many advances in basic and clinical research on liver fibrosis in recent years, there is still a lack of ideal drugs to treat liver fibrosis.
Rhizoma Paridis, which has significant hemostatic and anti-tumor effects, is the main rhizome of Paris Polyphylla var yunnanensis (Franch.) Hand. -Mazz, or Paris Polyphylla Smith var. chinensis (Franch.) Hara (Qin et al., 2018). Relevant studies have shown that Rhizoma Paridis is hepatotoxic. Polyphylin I, II, VI, and VII were cytotoxic to both hepatocytes-HL-7702 and HepaRG cells. Furthermore, Polyphylin I, which can induce HepG2 cells’ apoptosis through intracellular and extracellular apoptotic pathways, was proved to be the most cytotoxic among them (Zeng et al., 2020).
Zebrafish (Danio rerio), also known as a kind of tropical freshwater fish with ornamental value, is an important vertebrate model organism in scientific research, especially in studying the regenerative capacity of organisms (Goldshmit et al., 2012). Zebrafish and humans share up to 87% significant genome sequence similarity. It can overcome the limitations of cell-based in vitro assays and perform high-throughput in vitro screening (Bauer et al., 2021). Zebrafish are increasingly used in toxicity and targeted drug-related studies and have proved to be an essential vertebrate model for studying biological processes and functions (Barros et al., 2008; Ali et al., 2011; He et al., 2013).
This study aimed to investigate the potential hepatotoxicity of Rhizoma Paridis and its possible mechanism. To this end, we extracted Rhizoma Paridis by using petroleum ether, dichloromethane, ethyl acetate, n-butanol, and water, respectively. We examined the dose-toxicity curves of these five extracts by using zebrafish larvae. The relevant physicochemical indicators, including ALT/AST, hematoxylin-eosin staining, and acridine orange staining, were conducted to evaluate the liver damage of different extracts to zebrafish larvae. The chemical composition contained in extracts of Rhizoma Paridis was also analyzed by UHPLC-Q-Exactive Orbitrap MS. Modern lipidomics technology based on mass spectrometry has been used in this study to provide significant insights into the metabolism and alterations in lipids through the identification and qualitative analysis of individual lipid species. Meanwhile, lipid uptake, transport, metabolism, and inflammation-related genes were examined separately by quantitative real-time PCR (qPCR) in zebrafish larvae after exposure.
MATERIALS AND METHODS
Chemicals and Materials
The HPLC grade methanol, acetonitrile, and water (Optima™ LC/MS grade) were purchased from Fisher Chemical, United States of America. Formic acid (HPLC grade) was purchased from CNW, Germany. 2-propanol (HPLC grade) was purchased from Merck (Darmstadt, Germany). MTBE (HPLC grade) was purchased from Adamas-beta. Ammonium acetate (HPLC grade) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Petroleum ether, dichloromethane, ethyl acetate, n-butanol (analytical grade) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Ultrapure water was prepared using a Milli-Q water purification system (Millipore Corp. Billerica, MA, United States). Analytical grade ethanol and methanol were purchased from Beijing Chemical Works (Beijing, China).
Preparation of Rhizoma Paridis
The dried roots of Rhizoma Paridis were collected from Maoshan town, Luquan country, Yunnan province, in October 2019. Professor Liu Chunsheng, who works at Beijing University of Chinese Medicine and is the head of the department of Chinese Medicine Identification, identified and checked the quality of these roots.
Extraction and Fractionation
Rhizoma Paridis was powdered and successively extracted with five different solvents, petroleum ether, dichloromethane, ethyl acetate, water-saturated n-butanol, and water. The specific extraction method was as follows: The Rhizoma Paridis powder was wrapped with filter paper and placed in a Soxhlet extractor with solvent and extracted by heated reflux extraction within 2 h, followed by cooling and filtration. A rotary evaporator was used to recover the solvent, after which the remaining mixture was lyophilized into powder and stored at −4°C for further study. The extraction rates of ethyl acetate extract and dichloromethane extract of Rhizoma Paridis were 2.51 and 1.14%. The main components of the ethyl acetate extracts were analyzed using UPLC-Q-Orbitrap MS methods, which were described in detail in Supplementary Table S1.
Animals and Experimental Design
Zebrafish Larvae Maintenance
Zebrafish wild-type (AB) were maintained in Farming System (ESEN, Beijing, China) in Beijing Key Lab for Quality Evaluation of Chinese Materia Medica, with a 14:10-h light/dark cycle and 28.5 °C water temperature. Fish were fed with brine shrimp three times a day. The male and female zebrafish were allowed to mate naturally every morning at 7 a.m. And healthy eggs were collected and cultured in embryo water (5.4 mmol/L KCl, 0.137 mol/L NaCl, 0.25 mmol/L Na2HPO4, 0.44 mmol/L K2HPO4, 1.3 mmol/L CaCl2, 1.0 mmol/L MgSO4, 4.2 mmol/L NAHCO3). Zebrafish embryos can take nutrients from the yolk sac before 7dpf. Healthy 4dpf larvae were screened by microscope (Zeiss, Germany) for further experiments.
Treatment of Zebrafish Larvae
Randomly selected 4dpf zebrafish larvae were placed in 12-well plates with 20 fish per well and exposed to different concentrations of Rhizoma Paridis extracts for 24 h, including petroleum ether extracts (PEE), dichloromethane extracts (DCME), ethyl acetate extracts (AcOEtE), water-saturated n-butanol extracts (WSBE) and water extracts (WE) of Rhizoma Paridis (dissolved in 0.5% dimethyl sulfoxide (DMSO)). Each extract contained different concentrations (containing both safe and lethal doses), and each concentration was repeated in three wells. Meanwhile, normal zebrafish culture water was used as a negative control group. During the exposure period, the number of dead zebrafish larvae in each experimental group was counted every 6 h, and the dead bodies were promptly removed. The entire experiment was carried out at a constant temperature of 28°C and repeated three times in parallel. At the end of the experiment, the number of surviving zebrafish larvae in the different treatment groups was counted to calculate the mortality rate of each group.
Then, the 4dpf zebrafish larvae were given the maximum non-lethal dose concentration of DCME and AcOEtE. 20 samples per well and six wells in parallel for each group, the blank group was given zebrafish embryo water. 24 h after administration, samples were collected and washed 3 times with embryo culture water and deionized water, respectively. Three wells of each group were fixed in 4% paraformaldehyde, and the remaining samples were stored at -80 °C for further study.
Biochemical and Histological Analysis
Determination of Biochemical Parameters in Zebrafish Larvae
At 24 h postexposure, 80 zebrafish larvae were collected from each group, and a certain amount of phosphate-buffered solution (PBS, pH 7.4) was added. The specimens were homogenized by a homogenizer. Afterward, the specimens were centrifuged for about 20 min (2,000 rpm). The supernatant was carefully collected. Aspartate transaminase (AST) and alanine transaminase (ALT) levels were determined by using diagnostic kits according to the manufacturer’s protocols (Jiangsu Yutong Biotechnology Institute, Jiangsu, China). The activity of ALT and AST were determined at 450 nm after adding stop solution.
Histopathology Analysis
After 24 h exposure, zebrafish larvae were fixed with 4% paraformaldehyde for at least 24 h. For hematoxylin and eosin (H&E) staining analysis, zebrafish larvae were dehydrated using ethanol in ascending order and placed in xylene to make them gradually transparent, followed by paraffin embedding. Then 4 μm thick slides were prepared for H&E staining. For acridine orange staining, the embryos were washed 3 times with water and PBS at the end of exposing, and 1 ml of the acridine orange staining solution was added to each well and stained at 28°C for 20 min. The results were observed under a transmission electron microscope (ZEISS, German).
Sample Preparation for Lipidomics Analysis
Zebrafish larvae samples (50 mg) were placed in 2 ml Eppendorf tubes, and 280 μL of extraction solution (methanol: water, 2:5), 400 μL of methyl-tert-butyl ether (MTBE) along with a 6 mm diameter grinding bead were added to the tube. Then, ground for 6 min (−10°C, 50 Hz) using a frozen tissue grinder. After that, the samples were extracted by low-temperature ultrasound for 30 min (5°C, 40 kHz), followed by 30 min of standing (−20°C). Then, samples were centrifuged at 13,000 g for 15 min at 4°C, and 350 μL of supernatant was added into the EP tube, followed by blow-drying with nitrogen gas. 100 μL of extraction solution (isopropanol: acetonitrile, 1:1) was added and re-solubilized, vortexed for 30 s, and low-temperature ultrasonic extraction for 5min (5 °C, 40 KHz). The extracts were centrifuged at high speed for 10 min (13,000g, 4°C), and the supernatant was pipetted into the injection vial with an internal cannula for analysis. In addition, 20 μL of supernatant was mixed for each sample as the quality control sample.
A Q-Exactive HF-X mass spectrometer (Thermo Scientific high-resolution) was coupled in tandem with a UHPLC system with a DuoSpray ion source operating in positive electrospray (ESI+) and negative electrospray (ESI-) modes (AB Sciex, Foster City, CA). After every 5–15 samples, a QC sample was inserted, and an automatic mass calibration was performed to examine the stability of the entire essay. An Accucore C30 column (100 mm × 2.1 mm i. d. 2.6 μm; Thermo) was used for the separation of lipids. The temperature of the column was maintained at 40 °C. Mobile phase A was 50% acetonitrile in water (containing 0.1% formic acid, 10 mmol/L ammonium acetate), and mobile phase B was acetonitrile: isopropanol: water (10:88:2, v/v/v, containing 0.02% formic acid, 2 mmol/L ammonium acetate). The flow rate was 0.4 ml/min, and the gradient analysis was performed with a gradient starting from 35% mobile phase B, 60% B (4 min), 85% B (12 min), 100% B (15–17 min), and 35% B (18–20 min). After UHPLC separation, samples were analyzed by Q ExactiveTM HF-X for mass spectrometry with the following instrument parameter settings: ion mode, positive and negative; MS1 scan range, 200-2000; Irospray voltage Floating (ESI+, V), 3.0 kV; ionspray Voltage Floating (ESI-, V), −3.0 kV; heater temperature, 370°C; sheath gas flow rate, 60 psi; aux gas flow rate, 20 psi; capillary temperature, 350°C; Normalized collision energy, 20-40-60 (V). Details are described in Supplementary Table S2.
Quantitative Real-Time PCR Analysis of Related Gene Expression
Total RNA was extracted from collected samples using TianGen RNA Extraction Kit (Takara, Tokyo, Japan) following manufacturer instructions. The isolated total RNA from the different groups was converted into complementary DNA (cDNA) using the FastKing RT Kit (Tiangen Biotech Co., Ltd., Beijing, China). Sequences of primers used in the qPCR were designed with primer-blast (https://ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by the Biomed gene technology co. LTD. (Beijing, China). (Supplementary Table S3). Quantitative real-time PCR was performed using TransStart Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) with the ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). Relative mRNA expression levels were determined using the following thermal cycling conditions: 95°C for 3 min, followed by 40 cycles of 60°C for 20 s, 60°C, 9°C for 15 s, and 6°C for 10 s, and 9°C for 15 s. The relative quantification was then calculated by the expression 2−∆∆Ct. All data were statistically analyzed as the fold-change between the exposed groups and the control. The experiment was conducted in triplicate.
Statistical Analysis
The components of the samples were separated by chromatography and continuously scanned into the mass spectrometer, and the mass spectrometer was continuously scanned for data acquisition. The raw data were imported into LipidsearchTM 4.1 (Thermo Fisher, United States) for baseline filtering, peak identification, integration, retention time correction, and peak alignment to obtain a data matrix containing retention time, mass-to-charge ratio, and peak intensity information. The MS and MS/MS mass spectra were matched with the metabolic database with the MS mass error set to less than 10 ppm, and the metabolites were identified based on the secondary mass spectra matching score. The main parameters are as follows: precursor tolerance: 5ppm, product tolerance: 5ppm, product icon threshold: 1%. For the LipidSearch extracted data, the lipid molecules in the missing value 20% group were removed, and the missing values were filled with the minimum value, QC verified with RSD ≤30% and the total peak area of the data was normalized. Subsequently, model construction and discrimination of multivariate statistics were performed using the ropls R package, which included unsupervised principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Among them, PCA analysis uses unite-variance to scale transform the data, and (O) PLSDA uses Pareto to scale transform the data. The values of R2 and Q2 were calculated to assess how good the quality of both models was. Volcano plots were plotted using the R package ggplot2. One-way statistical analyses included Student’s t-test and mutation multiple analysis. Volcano maps were drawn using r software for hierarchical clustering and correlation analysis. Differences between groups (p-values) were assessed using Graphpad Prism 8.0 software. Differences in data were first determined using normality and chi-square tests, followed by one-way ANOVA analysis and Dunnett’s t-test. *p ≤ 0.05 and * *p ≤ 0.01 were statistically significant for the AcOEtE group compared to the DMSO group.
RESULTS
Toxicity of Different Solvent Extracts of Rhizoma Paridis
Previous studies have shown that the aqueous extracts of Rhizoma Paridis exhibited hepatotoxicity to zebrafish and SD rats and cytotoxicity to L02 cells (Zhao et al., 2020). However, there have been no studies on the differences in toxicity of extracts from different solvents on Rhizoma Paridis. Our study compared the toxicity of different extracts of Rhizoma Paridis on zebrafish larvae. The “dose-toxicity curve” of different extracts is shown in Figure 1A. The results showed that the different extracts of Rhizoma Paridis exhibited a wide variation in toxicity to zebrafish larvae. As shown in Figure 1A, the ethyl acetate extracts of Rhizoma Paridis (AcOEtE) were the most toxic fraction, followed by dichloromethane extracts (DCME), petroleum ether extracts (PEE), water-saturated n-butanol extracts (WSBE), and water extracts (WE).
[image: Figure 1]FIGURE 1 | Concentration-mortality curves, tissue sections (×400), and biochemical indicator analysis (A) Concentration-mortality curves of five solvent extracts of Rhizoma Paridis, including petroleum ether extracts (PEE), dichloromethane extracts (DCME), ethyl acetate extracts (AcOEtE), water-saturated n-butanol extracts (WSBE), and water extracts (WE) (B-D) H&E staining of zebrafish larvae sections from the control, DCME, and AcOEtE groups (E–G) Acridine orange staining of zebrafish larvae from the control, DCME, and AcOEtE groups (H–I) The levels of ALT and AST of control and AcOEtE groups. Data are expressed as mean ± SD. **p < 0.01 compared with the control group, *p < 0.05 compared with control group.
Afterward, AcOEtE and DCME were selected as the more toxic fraction to investigate whether they are hepatotoxic and potentially induce hepatic fibrosis. The administered concentrations are their respective maximum non-lethal concentrations, for AcOEtE was 0.3 μg/ml, and DCME was 1 μg/ml. Randomly selected 4dpf zebrafish larvae were placed in 12-well plates with 20 fish per well and exposed to 0.3 μg/ml AcOEtE and 1 μg/ml DCME for 24 h respectively. Pathological changes were observed in zebrafish larvae 24 h after the administration of AcOEtE and DCME.
Histological and Biochemical Analysis
The results of H&E (Figures 1B–D) showed that AcOEtE and DCME had caused varying degrees of liver damage to zebrafish larvae, with inflammatory cell infiltration and mild vacuolated lipid droplets in both groups. In contrast, AcOEtE was significantly more hepatotoxic to zebrafish larvae than DCME, and significant histopathological changes could be observed in the AcOEtE group, including significant hepatic steatosis, partial nuclear fragmentation, and the appearance of hepatic fibrous nodules. Acridine orange staining showed that both AcOEtE and DCME promoted apoptosis in the hepatocytes of zebrafish larvae to some extent (Figure 1E–G). Meanwhile, the results of ALT/AST (Figure 1H) after 24 h administration of AcOEtE to zebrafish larvae showed that both ALT/AST significantly increased in the treated group compared to the control group.
Identification of Chemical Compounds in the AcOEtE
Previous studies have been conducted on the chemical composition of Rhizoma Paridis and saponins, which are usually considered the main components. In this study, we used UPLC and high-resolution Q-Exactive Orbitrap MS to identify the constituents of AcOEtE. Based on the high-resolution parent ions and their characteristic ions, we have identified 98 relevant components, including Polyphyllin I, Polyphyllin VI, Polyphyllin E, Dioscin, Diosgenin, Protodioscin, Gracillin, etc. The chemical compositions are shown in Supplementary Table S4.
Lipid Analysis and Multivariate Analysis of UHPLC-Q Exactive HF-X Mass Spectrometer Data
Lipidomics, derived from metabolomics, emerged in 2003 and has rapidly evolved to focus on the qualitative and quantitative screening of metabolites in biological samples, with two main analytical approaches: 1) the non-targeted and 2) the targeted approach (Lee and Yokomizo, 2018). This study performed lipidomic analysis on zebrafish larvae treated with AcOEtE and control groups based on the UHPLC-Q Exactive HF-X-MS technique, respectively. Supplementary Figure S1 shows an example of the total ion chromatogram (TIC) of the QC group in positive and negative ion mode, which showed good separation.
Principal Component Analysis (PCA) and Orthogonal Projection of Latent Structure Discriminant Analysis (OPLS-DA) are powerful statistical modeling tools that provide insight into the separation between experimental groups based on the results from the MS analysis instrument and determine whether an experimental sample is anomalous based on its dispersion trend (Worley and Powers, 2016). As can be seen from Figures 2A–D, the QC samples were tightly aggregated in ESI+ and ESI- modes, indicating that the instrument was in good operating condition. Both PCA and OPLS-DA results completely distinguish the AcOEtE group from the control group, indicating that endogenous metabolite levels in the treated group have changed significantly compared to the control group.
[image: Figure 2]FIGURE 2 | Score plot of PCA and OPLS-DA models of zebrafish larvae (A, B) Scores plot of PCA model, obtained from AcOEtE group and control group (NEG and POS) (C,D) Scores plot of OPLS-DA model, obtained from AcOEtE group and control group (NEG and POS) (E,F) The score of the OPLS-DA model, obtained from the AcOEtE group and control group (NEG and POS). The R2 factor estimates a good fit, while the Q2 coefficient determines the predictive value of the created model, referring to the percentage of correctly classified samples using cross-validation. Two hundred permutations were performed, and the resulting R2 and Q2 values were plotted (Red circle): R2 (Pink triangle): Q2. The two dashed lines represent the regression lines of R2 and Q2, respectively (G) volcano plot of Model-Control, the blue points represent the down-regulated lipids, red points represent the up-regulated lipids (VIP >1.0, p-value < 0.05) (H) The number of detected lipids was based on a non-targeted lipidomics strategy between the AcOEtE and control groups. The horizontal axis represents the number of lipids in the subclass, and the vertical axis represents the subclasses of lipids.
The results showed that R2X (cum), R2Y (cum), and Q2 of the OPLS-DA model for the cationic model were 0.486, 0.996, and 0.944, respectively, while R2X (cum), R2Y (cum), and Q2 of the anionic model were 0.568, 0.998 and 0.958, respectively (Figures 2C,D). Q2 > 0.5 indicated that the model’s predictive ability was good, but only using Q2 is still not enough to prove the model’s reliability, and the replacement test-permutation test is also commonly used to judge the model. A 200-time permutation test was performed to validate the OPLS-DA model. Compared to the original points, the Q2 and R2 values on the left side are lower, while the intercept of the regression line at the Q2 point with the vertical axis (left side) is less than 0.05 in the envelope test (Figures 2E,F). This indicates that the model is valid and can make accurate predictions for the samples in the experiment.
Each high-resolution mass spectrometry peak extracted by compound Discoverer TM was initially screened and classified into lipid subspecies based on their different cleavage patterns and further confirmed by comparing precise mass determination and the given molecular formula with Lipidsearch (Thermo Fisher, United States) on the lipid database for further confirmation. The International Lipid Classification and Nomenclature Committee classify lipid compounds into eight types, each containing different subclasses, and each subclass can be further divided into different molecular species. We then screened the metabolites for those that were altered in zebrafish larvae after administration. The significance of the variables in the projection (VIP >1) values generated in OPLS-DA was applied in the positive and negative ion model, respectively, resulting in 325 differential metabolites were screened out (Figure 2G), covering five lipid categories and 43 lipid subclasses, with phosphatidylcholines (PCs), PEs, and triglycerides (TGs) were the most abundant (Figure 2H).
We analyzed the lipid data using clustered heat maps to understand further the differences in lipid metabolism between the AcOEtE and control groups, as shown in Figure 3A. The heatmap visualizes the relative increase (red) or decrease (blue) of lipids in each group of samples. 269 lipids were significantly downregulated, and 56 lipids were significantly upregulated in the AcOEtE group compared to the Control group.
[image: Figure 3]FIGURE 3 | Analysis of abnormal lipid regulation by AcOEtE in zebrafish larvae (A) Heatmap of 325 lipids in the control and AcOEtE groups. The red and blue colors indicate the increased and decreased levels, respectively (B) Relative intensity analysis of subclasses containing eicosatetraenoic acid or docosahexaenoic acid between the control and AcOEtE groups (C) LION-term enrichment analysis of all up-regulated lipids in the AcOEtE group compared to the control group (D) LION-term enrichment analysis of all down-regulated lipids in the AcOEtE group (E) PCs and PEs in control and AcOEtE groups showed a rise in total concentration. *p < 0.05, **p < 0.01 compared with the control group.
Hierarchical clustering analysis strongly emphasized the enrichment of CL and PE in glycerophospholipid, sphingomyelin (Sph), and Cer in sphingolipids, and sterol lipid. Specifically, among the sphingolipids, six out of nine Cers, three out of five Hex2Cers, and two out of six Sphs showed significant upregulation in the AcOEtE group. Glycerophospholipids were identified in a total of 23 subclasses, and five of these subclasses were significantly upregulated in the AcOEtE group, including CLs, PEs, phosphatidylglycerols (PGs), LPIs, and dimethyl-phosphatidylethanolamines (dMePEs).
Then, we performed a further generalization study with the Lipid Ontology website (http://www.lipidontology.com/) on 269 down-regulated lipids and 59 up-regulated lipids, which were significantly increased by AcOEtE exposure. The results showed that a total of 14 lipids containing docosahexaenoic acid, 15 lipids containing fatty acids with six double bonds, 18 lipids containing fatty acids with 22 carbon atoms, 27 glycerophospholipids, and three lipids containing ether bonds were among the 59 lipids up-regulated after AcOEtE exposure. These five physicochemical properties occupy the top five positions in terms of contribution to lipid upregulation, as shown in Figure 3C. Meanwhile, we can see that the 269 lipids down-regulated are mainly related to mitochondria, endoplasmic reticulum, cell membrane components, positive intrinsic curvature of the cell membrane, head group of lipids with positive charge/zwitterion, and lipid-mediated signaling, etc. As shown in Figure 3D.
PCs and PEs were the most abundant phospholipids in mammalian cells and showed significant changes in various diseases. Long-chain polyunsaturated fatty acids (LC-PUFA) were defined as polyunsaturated fatty acids with more than 20 carbon atoms and two or more double bindings (Sarwar Inam, 2017). Eicosapentaenoic acid (EPA, C20:5n-3), arachidonic acid (AA, C20:4n-6) and docosahexaenoic Acid (DHA, C22:6 n-3) were considered as the most important LC-PUFA. We investigated the changes of PCs and PEs between the AcOEtE and control groups and focused on the changed subclasses that contained four or more double bonds. The results of our research suggested that among the 48 significantly altered PC subclasses detected in the AcOEtE group, 16 subclasses are composed of unsaturated fatty acids that contain more than 20 carbon atoms and two or more double bonds. Among the 48 significantly changed PC subclasses, four were significantly upregulated, accounting for 8.3%. It is worth mentioning that all the upregulated subclasses were LC-PUFA, specifically three subclasses were docosahexaenoic acid and one docosatetraenoic acid. Of the 14 significantly altered PE subclasses, five subclasses are composed of unsaturated fatty acids that contain more than 20 carbon atoms and two or more double bonds. Compared with the control group, 11 PE subclasses of the AcOEtE group showed significant upregulation, accounting for 78.6%, of which five contained docosahexaenoic acid and one contained docosahexaenoic acid, as is shown in Figure 3B. The PC/PE ratio is often used clinically to detect inflammatory conditions in the organism. Compared to the control group, the PCs mainly were downregulated in the administered group, while PEs were upregulated overall in the AcOEtE group (except for the two short-chain lipids), which led to a substantial downregulation of the ratio (Figure 3E).
In addition, all four sterol lipids subclasses detected in the AcOEtE group, including ChE (24:5), ChE (24:6), StE (24:7), and ZyE (24:5), were all long-chain sterols and upregulated, which may be related to signaling pathway conduction.
To determine the pathways by which AcOEtE affects lipid metabolism in zebrafish larvae, scipy (Python) software was used for analysis. p-value was analyzed and resulted in 39 metabolites mapped to the KEGG metabolic pathway for overexpression and pathway topology analysis. Different metabolite species were analyzed using Scipy. p-value corrected less than 0.05, and finally, 11 lipid metabolic pathways were found to have occurred a game (Figure 4A). By the relative positions of the compounds in the pathways, their pathway composite importance scores were calculated with a total score of 1. As shown in Figure 4A. The figure shows that glycerophospholipid metabolism, ether lipid metabolism, linoleic acid metabolism, and sphingolipid metabolism had the highest impact factors.
[image: Figure 4]FIGURE 4 | Different lipid species are associated with metabolism (A) Pathway enrichment analysis of lipid metabolites by KEGG. Results include α-linolenic and linoleic acid metabolism, arachidonic acid metabolism, glycerolipid metabolism, fatty acid extension in mitochondria, fatty acid biosynthesis, fatty acid metabolism, steroid biosynthesis, and bile acid biosynthesis (*p < 0.05, **p < 0.01 compared with the control group) (B) Pathway topology enrichment analysis of lipid metabolites by KEGG (C) Network of changes in potential biomarkers of the AcOEtE group compared to the Control group. Red, upregulated biomarkers; blue, downregulated biomarkers.
The results of KEGG topology statistics are shown in Figure 4B, where each bubble represents a KEGG pathway, and the vertical axis indicates the enrichment significance of metabolite involvement in the pathway-log10 (p-value); the bubble size represents the Impact Value; the more significant the bubble, the greater the importance of the pathway. Five pathways can be found in the figure, including map00564 (Glycerophospholipid metabolism), map00591 (Linoleic acid metabolism), map00590 (Sphingolipid metabolism), map00592 (alpha-Linolenic acid metabolism), and map00565 (Ether lipid metabolism).
Effect of Critical Lipid-Relating Genes by AcOEtE
To determine the underlying mechanism of the abnormal lipid metabolism, the transcription levels of genes that participated in lipid metabolism were further assessed by qPCR (Figure 5). Our results indicated that AcOEtE affected genes related to lipid synthesis, metabolism, and transport in zebrafish larvae, such as fabp11a, fabp7b, fasn, pparg, fads2, cpt1, cd36, and enzyme activities related to mitochondrial function were also activated, such as lclat1, Lpcat4, and Taz. Genes related to inflammation were also upregulated, such as TNF-α, IL6ST. As found in our lipidomics results, these genes are involved in the glycerophospholipid metabolic pathway, α-linolenic acid metabolic pathway. Meanwhile, we found a tendency for the PI3K-AKT-mTOR pathway to be upregulated, although it did not show significance, as shown in Figure 5M–O.
[image: Figure 5]FIGURE 5 | Gene expressions after AcOEtE administration to zebrafish larvae were detected by qPCR. including (A) fabp11a (B) fabp7b (C) fasn (D) pparg (E) fads2 (F) cpt1 (G) cd36 (H) lclat1 (I) taz (J) lpcat4 (K) TNF-α (L) IL6ST (M) PI3K (N) AKT and (O) mTOR. All values are expressed as the mean ± SD of three or more independent experiments. ***p < 0.001; **p < 0.01; *p < 0.05.
DISCUSSION
In this study, we investigated the dose-toxicity relationship of different extracts of Rhizoma Paridis on zebrafish larvae. We studied the induction of hepatic fibrosis after administration of AcOEtE (ethyl acetate extracts of Rhizoma Paridis) and DCME (dichloromethane extracts of Rhizoma Paridis) by pathological morphological observation and physicochemical index analysis.
Then, we investigated the effect of AcOEtE on lipid homeostasis in zebrafish larvae by using lipidomics techniques to search for biomarkers that may play a key role in inducing hepatic fibrosis. To the best of our knowledge, this is the first study of hepatotoxicity and hepatic fibrosis in a zebrafish larvae model using lipidomic techniques, which may provide a good reference for future hepatotoxicity studies and clinical applications of Rhizoma Paridis.
Compared with the control group, after ingestion of a specific dose of AcOEtE, the lipid homeostasis in zebrafish larvae was disrupted and exhibited pathological fibrosis changes. We examined the mRNA levels of pro-inflammatory factors IL6ST and TNF-α in zebrafish larvae of the AcOEtE group, and both were upregulated. Genes related to fat synthesis and transport, such as the fatty acid-binding protein FABP family, were also detected. FABPs is a single molecular weight intracellular protein family, mainly involved in the transport and metabolism of fatty acids. We examined Fabp7b and Fabp11a, and both showed a significant upregulation trend in the AcOEtE groups. Upregulation of fabp11a and fabp7b genes leads to increased hepatic fatty acid uptake, affecting the subsequent lipid transport process and increasing hepatic lipid deposition and ultimately hepatic steatosis (Ahn et al., 2012; Yan et al., 2015). Fasn is an essential nuclear transcription factor that regulates hepatic lipid metabolism and is a crucial regulator of fatty acid metabolism, and its excessive upregulation leads to hepatic lipid disorders in zebrafish, which in turn causes hepatic lipid accumulation (Chicco and Sparagna, 2007; Knebel et al., 2018; Peng et al., 2018). There was a strong correlation between increased pparg expression and liver fat accumulation. In addition, pparg overexpression was accompanied by increased transcription of several inflammatory marker genes (Westerbacka et al., 2007; Yamazaki et al., 2011). Also upregulated was the fatty acid dehydrogenase 2 (fads2), a key enzyme in synthesizing polyunsaturated fatty acids.
Changes in the Glycerophospholipid Metabolism Pathway
The results of lipidomic studies showed that zebrafish larvae underwent significant changes in the glycerophospholipid metabolic pathway after administration of AcOEtE, with the more significant changes being in PC and PE. There was a total of 48 PCs and 14 PEs were detected to be significantly altered in the AcOEtE group, of which 4 PC subclasses were upregulated (8.33%), and 11 PEs were upregulated (78.57%), suggesting that the homeostasis of PEs and PCs is disturbed in the glycerophospholipid metabolic pathway, and lead to changes in membrane lipid composition, which could affect the physical properties and functional integrity of membranes, leading to apoptosis, inflammation and hepatic fibrosis (Li et al., 2006; Wu et al., 2019). Puneet Puri et al. showed that total PCs were reduced in the livers of humans with Non-alcoholic fatty liver disease (NAFLD) and Non-alcoholic steatohepatitis (NASH) (Puri et al., 2007). Arendt et al. found that NAFLD and NASH patients had significantly lower PC/PE ratios in liver and erythrocyte membranes than healthy people (Owen and McIntyre, 1978). Charalampos et al. also found that the PC/PE ratio showed a negative correlation with ALT and AST and thus hypothesized that the PC/PE ratio correlated with the pathology of liver tissue (Papadopoulos et al., 2020).
Dimethyl-phosphatidyl ethanolamine (DMePE) is an intermediate in the sequential methylation of PE, and this metabolic pathway is one of the main metabolic pathways for the de novo synthesis of PC (Cole et al., 2012). In this study, the amount of PC was reduced in the AcOEtE group compared to the control group, while the amount of DMPE was significantly increased, possibly due to an impairment in this biosynthetic pathway.
Our experimental results also revealed that the Lysophosphatidylcholine (LPC) of the AcOEtE group showed a tendency to be down-regulated to some extent compared to the control group. A total of 42 isoforms were detected in LPC, which were all down-regulated in the AcOEtE group compared to the control group. LPCs are essential signaling molecules with multiple biological functions. LPC affects lipid metabolism throughout the liver and has been found to down-regulate genes involved in fatty acid oxidation and upregulate genes involved in cholesterol biosynthesis (Hollie et al., 2014). Tanaka et al. found that downregulation of serum LPC was significantly correlated with hepatic upregulation of LPcat1-4 and the pro-inflammatory cytokines TNF-α upregulated the expression of Lpcat2/4 mRNA levels in primary hepatocytes (Tanaka et al., 2012). Our experiment showed that the AcOEtE group had a higher level of Lpcat4 compared to the control group. Furthermore, it was also found that TNF-α was significantly upregulated, and IL6ST showed an upregulation trend in the AcOEtE group, indicating that the upregulated expression of Lpcat4 was associated with inflammatory cytokines.
Another possible reason for the overall downregulation of PCs in the AcOEtE group is the involvement of the alpha-linolenic acid metabolic pathway. PCs could be converted to alpha-linolenic acids, which could be further converted to stearidonic acids in the alpha-linolenic acid metabolic pathway. The KEGG pathway analysis of lipidomic results supports this hypothesis, as does the upregulation of activity of fads2 enzyme (an enzyme required for the conversion of PCs to α-linolenic acid) in the AcOEtE group.
CL plays an essential role in mitochondrial bioenergetic processes and is localized and synthesized in the inner mitochondrial membrane, where biosynthesis occurs (Paradies et al., 2019). Also, excess CL has been shown to have a detrimental effect on mitochondria. CL is closely associated with respiratory chain proteins and is therefore very sensitive to peroxidation, which may lead to the induction of an apoptotic cascade response, ultimately leading to programmed cell death (Petrosillo et al., 2001; Paradies et al., 2002; Paradies et al., 2014). To our Experimentally, CL species containing longer fatty acyl chains were found to be significantly increased in the AcOEtE group. We also examined the level of genes involved in mitochondrial activities inside the AMPK pathway. Carnitine palmitoyltransferase-1 (cpt1) is an enzyme responsible for transporting long-chain fatty acids for β-oxidation, regulating cellular differentiation and lipid metabolism (Zhang et al., 2014). Cpt1 is a rate-controlling enzyme for fatty acid β-oxidation, catalyzing the condensation of acyl-coenzyme A with levulinic acid to form acylcarnitine esters, which are subsequently transported to mitochondria for further catabolism (McGarry and Brown, 1997). In our experiments, we found that the activity of cpt1 was significantly upregulated in the AcOEtE group, which could explain the overactive mitochondrial function in the CL supersaturation state and the translocation and processing of long-chain fatty acids involved in the glycerophospholipid metabolic pathway.
Phosphatidylglycerol (PG) is a glycerophospholipid that is an intermediate product of the CDP-DG (CDP 1,2-diacyl-sn-glycerol) synthetic pathway and a precursor for the synthesis of CL (Kiyasu et al., 1963; Hostetler et al., 1971). The upregulation of PGs in the experimental results may be related to the over-activation of the synthetic pathway of CLs. Our results revealed that PG (18:1/20:5) content was upregulated in the AcOEtE group, and all nine subclasses detected in CL were upregulated. The upregulation did not occur in the five isoforms of MLCL. The activities of the Lclat1 gene and Taz gene were examined, and both were downregulated, indicating that the MLCL to CL conversion pathway was inhibited, possibly as an antiphase protective mechanism of the organism. Compared to the control group, LPG was not upregulated in the administered group, but the enzyme activity of LPG to PG was upregulated, which explained why the PG content was upregulated. Meanwhile, we examined the activity of the cd36 enzyme and found that cd36 underwent significant downregulation. Cd36 is a scavenger receptor that functions in the high-affinity tissue uptake of long-chain fatty acids (FA) and is involved in cellular fatty acids FA uptake. In the AMPK pathway, cd36 could directly promote the further conversion of fatty acids to Fatty Acyl-Coa, while there was a significant upregulation of the mitochondria-related enzyme cpt1, indicating that mitochondria-related functions were activated.
Changes in the Sphingolipid Metabolism Pathway
Our results identified upregulation of Cer and sphingomyelin (Sph) in the AcOEtE group (Figure 3A), both of which are included in the sphingolipid metabolic pathway. Cers and ceramide-derived sphingolipids are structural components of cell membranes associated with oxidative stress and inflammation and may play a role in developing Hepatic fibrosis. Inflammation and an oversupply of saturated fatty acids stimulate the continuous synthesis of new Cers (Kasumov et al., 2015). Our results showed that significant upregulation of nine Cer subclasses occurred in the AcOEtE group compared to the control group, while qPCR results also indicated that AKT was suppressed in the AcOEtE group compared to the control group. The level of Cer was increased after the administration of AcOEtE, which may lead to apoptosis of hepatocytes.
As for Sph, present in animal cell membranes, it is usually composed of choline phosphate and Cer or PE head groups. In our study, some of the Sphs in the AcOEtE group were also upregulated. Despite its very low abundance, it is an essential structural component of the cell membrane (Quehenberger et al., 2010; Rodriguez-Cuenca et al., 2017). It was found that after 16°weeks of high fat and high cholesterol administration to mice, the Sph content in their liver increased significantly (Sanyal and Pacana, 2015). Cer, Sph, and sphingosine 1-phosphate (S1P) can be interconverted, a delicate balance known as the “sphingosine rheostat” (Musso et al., 2018). If Cer and Sph are increased, then apoptosis, senescence, and growth arrest are induced.
In addition, three of the five Hex2Cer isoforms were found to be upregulated. Kang-Yu Peng has reported a positive correlation between Hex2Cer and NASH, and increased Hex2Cer levels were detected in human liver cancer tissues. Also, animal studies showed that pharmacological inhibition of Hex2Cer synthase improved steatosis. These observations provide a strong rationale for further investigation of the role of Hex2Cer in the transition from NAFLD to NASH and possibly hepatocellular carcinoma.
Other Lipid Changes
Compared to the control group, the AcOEtE group showed a significant increase in sterol esters, including cholesterol ester (ChE), Zymosterol ester (ZyE), and Stigmasteryl ester (StE). Excessive ChE can lead to fat accumulation in the liver, which can cause abnormal liver function in the long term. It was shown that C57BL/6J mice fed a high-fat, high-cholesterol diet developed severe hepatic steatosis, massive inflammation, and perisinusoidal fibrosis, which was associated with adipose tissue inflammation and reduced plasma lipocalin levels. In contrast, mice fed a high-fat diet without cholesterol developed only simple steatosis (El Kasmi et al., 2013).
CONCLUSION
In this study, the histological assessment was combined with physicochemical index analysis to demonstrate that ethyl acetate extracts of Rhizoma Paridis (AcOEtE) induced liver injury and hepatic fibrosis in zebrafish larvae. Lipidomic analysis based on Q-Exactive HF-X mass spectrometer combined with pathway analysis strategies revealed that AcOEtE induced changes in the lipid profile of zebrafish larvae, mainly significant changes in glycerophospholipid metabolites containing long-chain polyunsaturated fatty acids (LCPUFA), accompanied by changes in the sphingolipid pathway. The significant changes in glycerophospholipids were not only in their subclasses such as PE, PC, and CL but also in the composition of lipids containing long-chain polyunsaturated fatty acids (ω-3 fatty acids and ω-6 fatty acids). By analyzing different metabolites, we found that the mechanism of AcOEtE induced hepatic fibrosis was closely related to the glycerophospholipid-mediated inflammatory response as well as the mitochondrial metabolism involved in CL. Based on the reproducibility of the quality control results, the method was considered reliable. In conclusion, this study revealed the mechanism of AcOEtE leading to liver injury and hepatic fibrosis from the lipid molecular level, which provides new ideas for further research on the safe clinical use of Rhizoma Paridis.
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Anlotinib (ANL) shows promising efficacy in patients with renal cell cancer (RCC). Here, for the first time, a serum eicosanoid metabolomics profile and pharmacodynamics in Renca syngeneic mice treated with ANL was performed and integrated using our previous HPLC-MS/MS method and multivariate statistical analysis. The tumor growth inhibition rates of ANL were 39% and 52% at low (3 mg/kg) and high (6 mg/kg) dose levels, without obvious toxicity. A total of 15 disturbed metabolites were observed between the normal group and the model group, and the intrinsic metabolic phenotype alterations had occurred due to the treatment of ANL. A total of eight potential metabolites from the refined partial least squares (PLS) model were considered as potential predictive biomarkers for the efficacy of ANL, and the DHA held the most outstanding sensitivity and specificity with an area under the receiver operating characteristic curve of 0.88. Collectively, the results of this exploratory study not only provide a powerful reference for understanding eicosanoid metabolic reprogramming of ANL but also offer an innovative perspective for the development of therapeutic targets and strategies, the discovery of predictive biomarkers, and the determination of effective tumor monitoring approaches.
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Introduction

According to data from the 2020 Global Cancer Observatory (GLOBOCAN), renal cell cancer accounts for an estimated 431,288 new diagnoses and 179,368 deaths each year, representing 2.2% of total cancer diagnoses, and 1.8% of all cancer deaths (1). The 5-year survival rate ranges between 12-92.5% according to located stages (2), which means that a large percentage of kidney/renal cancer (RCC) patients still face disease progression. Cancer metabolism is one of the hallmarks and targeting metabolism may be an effective approach for cancer therapy (3–5). Due to mutated, inactivated, or hyper-activated genes in renal tumorigenesis and regulated metabolic reprogramming (e.g., glycolysis, TCA cycle), RCC has been designated as a “Metabolic Disease” (6–8). Over the past decades, eicosanoids and cascade metabolites can regulate various biological processes (e.g., cell proliferation, migration and angiogenesis, invasion, metastasis, inflammatory, and immunology) and play a pivotal role in cancer progression and targeted therapy (9–13).

Anlotinib (ANL) is a novel targeted vascular endothelial growth factor receptor (VEGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptors (PDGFR), and c-kit, and shows promising efficacy in patients with renal cell cancer (RCC) (14–16). Recently, Pan et al. identified differential serum metabolomics in lung cancer-bearing nude mice treated with ANL or saline (17). Also, our previous studies not only revealed the longitudinal eicosanoids metabolomics of ANL in healthy rats but also elucidated the longitudinal pharmacometabolnomics of ANL for phenotype, efficacy, and toxicity in patients with advanced solid tumors (13, 18). Pharmacometabolomics integrates information of metabolites and drug treatment to facilitate the development of precision medicine, biomarker discovery, and prediction of drug efficacy and toxicity (18, 19). However, to date, there is no eicosanoid metabolomics or metabolic reprogramming studies of ANL for RCC in vivo or in vitro.

In this study, with the help of our previous reliable HPLC-MS/MS method (13), a serum eicosanoids metabolomics profile was investigated in Renca syngeneic mice, and integration analysis was performed for the antitumor efficacy of ANL. We initially revealed potential biomarkers for predicting the efficacy and toxicity of ANL. The results of this study will enlighten eicosanoid metabolic reprogramming after ANL treatment and offered meaningful references for the discovery of predictive biomarkers and potential therapeutic targets and strategies in RCC.



Materials and Methods


Material and Chemicals

Eicosanoids and stable isotope-labeled internal standards (IS) were purchased from Cayman Chemical (Ann Arbor, MI, USA) (Supplementary Table S1). Detailed information was shown in our previous literature (13). Anlotinib (purity≧99%) was provided by DC Chemicals (Shanghai, China) and serial diluted with 5% methylcellulose. RPMI-1640 medium, Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS), 0.25% trypsin-EDTA, and penicillin-streptomycin were provided by Thermo Scientific (USA). HPLC grade organic solutions (e.g., acetonitrile, isopropyl alcohol, methanol) were obtained from Fisher Scientific (Pittsburgh, PA, USA). Modifier of mobile phase-formic acid was obtained from DIKMA Co., Inc. (Fairfield, OH, USA). Ultrapure Millipore water was prepared by a purification system.



Cell Culture

The Renca cell line (mouse kidney, ATCC, Manassas, VA, USA) was cultured in RPMI-1640 medium with 10% FBS 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine at 37°C with 5% CO2 and appropriate humidity. The media were changed once every 3-4 days depending on cell confluence. When adherent cells approached convergence, they were digested with trypsin and subcultured. All subsequent experiments were fulfilled using cells in the logarithmic growth phase.



Animal

Mus Musculus, female BALB/c (5-6 weeks old, 18-22 g) mice were obtained from Beijing Biotechnology Co., Ltd. (Beijing, China). All animals were maintained under SPF conditions (temperature: 23 ± 3°C; humidity: 40-70%, 12 h light/dark cycle) and were housed 5 per cage with ad libitum receiving food and water. The animal study was reviewed and approved by the Animal Care and Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University. All protocols were approved in accordance with guidelines issued by the Guide for the Care and Use of Laboratory Animals.



Renca Syngeneic Mouse Model

A total of 15 BALB/c mice were used for this Renca syngeneic model. Renca cells were harvested and re-suspended in PBS to 3.0×107 cells/mL. An aliquot of 100 μL tumor cell suspension was injected carefully subcutaneously into the right flank of the back. The mice were randomized by the tumor volume into different treatment groups. After the tumor reached approximately 100 mm3, the mice were randomized into three groups (5 mice/group) and administer a gavage (p.o.) of vehicle (saline), ANL treatment (3 mg/kg or 6 mg/kg). The doses were determined based on a previous study (16, 20).

Tumor volume (TV) was obtained as (length × width2)/2 by electric caliper measurements. Changes in body weight were monitored twice weekly. The percentage of ΔT/C (% of control for Δgrowth) was calculated using the following formula: (ΔT/ΔC) ×100%, where ΔT and ΔC are the changes in tumor volume (Δgrowth) for the treated and control groups, respectively (21). On the last day of the experiment, all mice were euthanized under carbon dioxide anesthesia, and the tumor tissue was stripped after blood collection.



HPLC-MS/MS Method of Eicosanoid Metabolomics

A high-performance liquid chromatography-tandem mass spectrometry system (HPLC-MS/MS, Shimadzu, Japan; QTRAP 5500, SCIEX, Canada) was used for eicosanoid metabolomic analysis. The chromatography columns (Waters BEH, C18, 2.1×100 mm, 1.7 μm) and elution solvent (gradient elution, 17 min) were all evaluated and employed according to our previous study (13). The ESI source MS parameters were set and employed for quantitation (Supplementary Table S1).

A simple protein precipitation method was performed for sample preparation. Briefly, an aliquot of 20 μL serum was added with 10 μL ISs and 50 μL MeOH for precipitation. The supernatants were infused into HPLC-MS/MS system after centrifugation. This bioanalytical method was fully validated with the calibration linear range of 0.005-500 ng/mL for 68 eicosanoids (13).



Integration Analysis of Metabolomics and Efficacy of Anlotinib

Serum samples were collected according to the following experimental stage: healthy mice (normal), model stage (Renca syngeneic), and ANL treatment (3 mg/kg or 6 mg/kg). Eicosanoid metabolomics was evaluated using previous serum samples (Figure 1A). Besides, the antitumor efficacy and toxicity of ANL (e.g., tumor volume, body weight) were also assessed and compared on the final day of the experiment.




Figure 1 | In vivo antitumor activities of anlotinib in a Renca cell syngeneic model in mice. (A) The timeline of the animal experiment. (B) Bodyweight. (C) Bodyweight variance. (D) Relative tumor volume at indicated time points (n=5). Data are shown as means ± SEM. *p < 0.05, **p < 0.01 vs saline.





Data Processing and Statistical Analysis

For the raw metabolomic or antitumor efficacy data processing, MultiQuant 3.0.1 software was applied. SIMCA-P software (v14.1, Umetric, Umeå, Sweden), MetaboAnaylst 5.0 (http://www.metaboanalyst.ca) and IBM SPSS 26.0 (Armonk, New York, United States) were used to build mathematic models or analysis, such as unsupervised principal component analysis (PCA), supervised orthogonal projection to latent structures squares-discriminant analysis (OPLS-DA), partial least squares (PLS), hierarchical cluster analysis (HCA), Student’s t-test and Pearson correlation. The compounds with values of variable importance in the projections (VIP) >1 or statistical significance of p<0.05 or correlation coefficient of 0.5 were picked out for further identification and metabolic analysis. To check overfitting and random effects, 200 permutation tests were used to assess the predictive ability. The p-value <0.05 was considered statistically significant.




Results


Antitumor Efficacy of Anlotinib in a Renca Syngeneic Model

As shown in Figure 1A, the workflow of this study was designed and implemented over 17 days. After acclimatizing for a few days, approximately 50 µl of serum was collected from healthy stage mice (D1, Normal). Afterward, a Renca syngeneic model was developed using logarithmic growth phase cells (D7), and the serum was collected before ANL treatment (Model) and on the final day of the experiment (ANL). Regarding the body weight and changes, following 10 consecutive days of ANL drug treatment, no statistically significant differences were observed among all groups (Figures 1B, C), indicating no apparent toxicity was found. The TVs of all groups were also displayed in order to elucidate the antitumor efficacy of ANL. As described in Figure 1D and Table 1, the TVs of ANL treatment groups (3 mg/kg or 6 mg/kg) were significantly smaller than that in the saline group (p<0.05, p<0.001), and the tumor growth inhibition rates (TGI) were 39% and 52% for ANL low and high dosage, respectively. Furthermore, the tumor tissues of all groups were harvested and weighed. Compared with the saline group, the tumor tissue weight was lighter in the ANL-treated group (Figure 2). Collectively, these data supported that ANL potentiated an antitumor effect in Renca syngeneic model in mice.


Table 1 | Overview of tumor growth inhibition in vivo in Renca syngeneic model in mice.






Figure 2 | The typical tumors harvested from mice sacrificed on the last day of experiment. (A) The photographs of tumors on the final day. (B) Tumor weight of different groups. *p < 0.05.





Eicosanoids Metabolic Profiles Among Different Treatment

After evaluating the efficacy of ANL, eicosanoid metabolomics was investigated under different treatments. Figure 3 shows the metabolic trajectory and correlation analysis. a total of 31 analytes were determined and compared. From the results of Figure 3A, serum samples of different treatments were divided into close clusters, which demonstrated that the metabolic fingerprint of the same group was comparatively stable. Moreover, this OPLS-DA model was verified by 200 permutation tests, and no overfitting was observed (Figure 3B, R2= (0.0, 0.475), Q2= (0.0, -0.829)). The biplot (Figure 3C) overlaid scores and loading scatter plots together for correlation analysis between variables. The metabolites correlated positively or negatively, respectively. In Renca syngeneic model, a total of 15 disturbed metabolites were observed between the normal group and model group when set VIP>1, p<0.05 (Supplementary Table S2).




Figure 3 | The eicosanoids metabolic profiles among different treatments. (A) OPLS-DA score plots of three groups. (B) Random permutation test with 200 iterations. (C) The correlation bioplot of OPLS-DA model.





Pharmametabolomics of Anlotinib

Based on previous results, the eicosanoid metabonomic fingerprint of ANL was employed and analyzed at low and high dosages. For data quality analysis, a Distance to model (DModX) curve was used to inspect the outliers. As shown in Figure 4A, all serum samples were within the range of 2. Figures 4B, C illustrated all metabolic data from the PCA and OPLS-DA models. The individuals from the three groups were well distinguished without distinct overfitting (Figure 4D, R2 = (0.0, 0.643; Q2= (0.0, -0.366), permutation test with 200 iterations). The positive or negative correlations among metabolites were shown in (Figure 4E). Heatmap clustering analysis (HCA) was also conducted to examine metabolic disturbance caused by ANL treatment (Figure 4F).




Figure 4 | The eicosanoid metabolomic profiles of anlotinib. (A) DModX curve. (B) PCA. (C) OPLS-DA. (D) Permutation test with 200 iterations. (E) Differential metabolite correlation heatmaps. (F) HCA of eicosanoid metabolomic profiling.



As described in Figure 5, although the ANL exerted an antitumor effect at a low dose level (3 mg/kg), no significant changes in metabolites were observed compared to the saline-treated group. However, the ANL high-dose group (6 mg/kg) caused a significant reduction in three metabolites (5-HETE, DHA, 19,20-EpDPA). Overall, these metabolic results echoed the previous pharmacodynamic results to some degree, and the intrinsic metabolic phenotype changes had occurred as a result of ANL.




Figure 5 | The three significant changed metabolites in Renca cell syngeneic mice treated by anlotinib (6 mg/kg) when the cutoffs were set as VIP>1 and p<0.05. (A) 5-HE-TE. (B) DHA. (C) 19,20-EpDPA. (D) The heatmap of the above-mentioned metabolites. *p < 0.05.





Correlation Analysis Between Metabolomics and Efficacy of Anlotinib

To further elucidate whether eicosanoid metabolic profiling accompanies the antitumor effect of ANL, Pearson correlation analysis and supervised PLS model were constructed to identify which metabolites highly interact with this trend. Firstly, an unsupervised PCA model was employed to find out outliers. All mice are distributed according to different metabolic profiles (Supplementary Figure S1). Secondly, the peak area ratios of 31 metabolites were correlated to TV in the initial PLS model to approximately study the relationship between the X (ratio of peak area of metabolites) and Y (TV) variables. A four-component PLS model was constructed for TV, which demonstrated a positive correlation (Figure 6A, R2 = 0.7735; Figure 6D, R2 = 0.8085). Figures 6B. E show the loading plot and the correlation between the predictive variable (X, triangle) and the response variable (Y, box) at low and high dosages of ANL. Besides, 14 (ANL-3 mg/kg) and 12 (ANL-6 mg/kg) VIP>1.0 X variables were recognized because of the contribution of X variables to the PLS model (red triangles), which were chosen for the following prediction of efficacy. Afterward, the Pearson correlation analysis was adopted for the association between TV and VIP>1.0 variables. Regarding the forecasting efficiency, 2 or 6 VIP>1.0 screened variables were significantly interrelated with TV and used for refined PLS analysis, respectively (Table 2). As illustrated in Figure 6C, a refined PLS model was built based on previous variables, which help explain about 56.2% variation (R2Y) and predict 40.6% variation (Q2) for TV of ANL-3 mg/kg treatment. In the meantime, as shown in Figure 6F, it could explain about 98.3% variation (R2Y) and predict 84.2% variation (Q2) for TV of ANL-6 mg/kg treatment based on these 6 variables. Collectively, the results demonstrated that this PLS model displayed the ability to predict the efficacy of ANL with no risk of overfitting. Variables listed in Table 2 were considered a potential biomarker for predicting antitumor efficacy.




Figure 6 | The supervised PLS model for correlating metabolic profiles with the efficacy of anlotinib. (A, D) are initial PLS for the first latent variables (ratio of peak area of metabolites, X block) of tumor volume (ANL, 3 mg/kg and 6 mg/kg, Y block) prediction model, respectively. (B, E) are loading plots for tumor volume, respectively. The square (blue) means the response variable; each triangle represents a metabolite, and the triangles (red) show the metabolites with VIP > 1.0. (C, F) are refined models to predict tumor volume based on the screened biomarkers.




Table 2 | Identified metabolites of high VIP values in initial PLS Models correlating to tumor volume.





Prediction of Tumor Volume Based on Significant Metabolites

For the purpose of verifying the predictive capability of the potential biomarkers selected above, different treatment groups were separated into two groups (control, drug treatment) in the light of their TV. Discrimination between saline and ANL treatment groups based on the screened biomarkers was performed using OPLS-DA models. As illustrated in Figure 7, the picked 2 biomarkers (ANL-3 mg/kg vs saline) and 6 biomarkers (ANL-6 mg/kg vs saline) completely distinguish the two groups, which indicate that these potential biomarkers can discriminate antitumor efficacy of ANL. Furthermore, the AUC value of the receiver operating characteristic (ROC) curve was 0.88 for DHA. The sensitivity and specificity were 0.8 and 0.6, respectively. These results suggest that DHA could be as a potentially useful metabolite for predicting the efficacy of ANL (6 mg/kg) in Renca syngeneic mice.




Figure 7 | The OPLS-DA to differentiate the efficacy groups based on the screened biomarkers. Green shape marks indicate mice treated by saline (A) or (B), blue stars mean mice treated by ANL [3 mg/kg, (A)], and red circle represents mice treated by ANL [6 mg/kg, (B)]. (C) The ROC curve of DHA for the ANL (6 mg/kg) group.





Quality Control Processes

In the light of obtaining reliable results, multiple strategies, and sources of variations (e.g., sample preparation, HPLC-MS/MS status) have been evaluated and taken to minimize undesirable deviations. As displayed in Supplementary Figure S2, the peak area ratios of pooled QC samples were gathered after PCA, which demonstrated that the fluctuations in the mixed QC samples associated with each analyte are small and constant.




Discussion

The main purpose of this study was to investigate the interplay between the eicosanoid metabolic profiling and antitumor efficacy in Renca syngeneic mice. As far as we know, no research is currently accessible regarding the eicosanoid metabolic agitation and the interrelation between the metabolic fingerprint and pharmacodynamics of ANL.

For the first time, our work has shown that ANL significantly inhibited Renca syngeneic tumor growth without adverse effects (Figure 1). As shown in Figures 1B, C, ANL did not cause significant changes in body weight in the syngeneic mice model. Compared with the control saline group, both low and high dosages of ANL significantly inhibited the increase of tumor volumes (Figure 1D). It is widely reported that ANL plays a critical role in several types of cancer with favorable safety, such as refractory metastatic soft-tissue sarcoma (22), locally advanced or metastatic medullary thyroid cancer (23), colorectal cancer (24). A multicenter, randomized phase II trial reported by Zhou et al. (14) assessed the clinical efficacy of ANL and sunitinib as first-line treatment for patients with metastatic renal cell carcinoma (mRCC). The clinical efficacy (e.g., progression-free survival, overall survival, objective response rate, and disease control rate) of ANL was similar to that of sunitinib, but with a more favorable safety profile and fewer adverse events (AEs) of grade 3 or 4. Recently, a single-arm, open-label, phase 2 study investigated the efficacy and toxicity of ANL as second-line treatment for patients with mRCC after prior one VEGFR-TKI. The results demonstrated a promising clinical efficacy with mild adverse effects (15). Although the TGI of ANL treatment was 39% and 52% (Table 1, and Figure 2), the combination of clinical trials and the results herein confirmed that ANL is safe and effective in the treatment of RCC.

Metabolic interactions with microenvironments and metabolic reprogramming are the key hallmarks for tumorigenesis (3). Due to the alteration of the von Hippel-Lindau (VHL) gene and activation of the Ras-PI3K-AKT-mTOR pathway, the RCC is occasionally considered as a “Metabolic Disease”; besides, the reprogramming of the fatty acid metabolism is one of the most associated pathways (8). It is well known that eicosanoids, biologically active lipids, have been involved in tumor evolution, progression, and metastasis (9). The lipid mediators metabolized from three major metabolic pathways of eicosanoids (the cyclooxygenase (COX), the lipoxygenase (LOX), and the cytochrome P450) play a critical role in immunoregulation, tumor immune microenvironment, crosstalk between metabolic reprogramming, and efficacy (9, 25, 26). In this study, the metabolic trajectories of the model group were different from those of the normal group when modeled by no-overfitting OPLS-DA (Figure 3A). Emerging evidence suggests that metabolites of LOX (e.g., HETEs, LTs), COX (e.g., PGE2, PGD2, TXs), and CYP450 (e.g., EETs, DHETs) are involved in carcinogenesis (27, 28), the results of this study indicated that the metabolites of TXB1, TXB2, PGB2, and others were significantly disturbed (Supplementary Table S2). The eicosanoids, especially those generated by CYP enzymes (e.g., EETs) and soluble epoxide hydrolase (e.g., DHETs and DHDPs), were related to the endothelial cell proliferation and angiogenesis processes (12). Moreover, ANL could inhibit angiogenesis by suppressing the activation of VEGFR2, PDGFRβ, and FGFR1. The dynamic trend of metabolite disturbances shows that ANL can correct the disturbance of eicosanoid metabolites caused by tumor growth to a certain extent (Figure 3).

Regarding the eicosanoids metabolomic fingerprints treated by ANL in Renca syngeneic mice, metabolites for each group almost assembled with a high quality of metabolomics data (Figure 4A). On the last day of the experiment, the serum samples were collected and analyzed for the metabolomic study. Although the metabolic changes of the low dose group (ANL, 3 mg/kg) were not found, some metabolites, such as 5-HETE, DHA, and 19,20-EpDPA, were significantly decreased compared with those of the saline group (Figure 5). The tumor microenvironment and metabolism of RCC are receiving increasing attention (8, 29–32). By analyzing 46 snap-frozen primary renal cell carcinomas and their corresponding normal renal cortex biopsies, the 5-LOX protein levels and metabolites of 5-HETE were found to be significantly elevated in RCC (33). The DHA and its metabolite of 19,20-EpDPA were significantly decreased after ANL (6 mg/kg) treatment. Possible reasons for the decrease include a limited sample size. Overall, the eicosanoids metabolic fingerprint was disturbed and changed due to ANL administration, and the results may be used for further understanding the mechanism of ANL.

After evaluating the antitumor efficacy of ANL, a correlation analysis was firstly performed and elucidated between the efficacy and the eicosanoid metabolomics. A total of 31 metabolites were included and correlated with TV to check whether a regression was found. After checking the outliers, initial and refined PLS models were constructed between the metabolites and TV. The metabolic characteristics were extremely correlated with TV after ANL treatment, and several significant disturbance metabolites were observed and further utilized for predicting the efficacy of ANL (Figure 6). A positive linear regression (Figure 6A, R2 = 0.7735; Figure 6D, R2 = 0.8085) was shown. Figures 6B, E indicates the loading plot, and the relationship between the predictive variable (X, triangle) and the response variable (Y, box). The X variables on the top right or low left corner suggested positively or negatively correlated to TV, respectively. As illustrated in Figures 6C, F, a PLS model was built in view of the previous eight variables, which help explain the 56.2-98.3% variation (R2Y) and predict the 40.6-84.2% variation (Q2) for TV. Permutation tests were performed with 200 iterations in order to avoid overfitting of the prediction model (data not shown). In order to examine this potential biomarker, an ROC curve was performed and analyzed. The AUC of DHA was 0.88 with p<0.05, which indicates that DHA may be a potential predictive biomarker. Overall, the results indicated that the predictive model exerted a capability to estimate TV. Also, the expression of the enzymes 5-LOX and 15-LOX2 is strengthened in RCC cells compared to normal renal cells (33), and LOX can promote the secretion of immunosuppressive chemokine CXCL2 and cytokine IL 10 to regulate immune-evasion of RCC cells (34). Variables listed in Table 2 were considered as potential biomarkers for predicting TV. Although limited samples were used in this study, several metabolite biomarkers were firstly discovered and provided to predict the efficacy of ANL.

As far as we know, no available study is published regarding the eicosanoids metabolic profiles after ANL treatment in Renca syngeneic mice model. As a novel multi-targeting tyrosine kinase inhibitor of ANL, little is known about the correlation between metabolic profiles and efficacy. On the one hand, in Renca syngeneic mice, we have shown the antitumor effect of ANL and elucidated the integrative analysis between pharmacodynamics and pharmacometabolomics. On the other hand, the results of this study not only provide a powerful reference for understanding metabolic reprogramming of eicosanoids but also offer an innovative perspective for the development of therapeutics, the discovery of predictive biomarkers, and the recognition of effective tumor monitoring approaches.

Several limitations should be mentioned. Firstly, the sample size of this exploratory research was small and more data may be needed to pool and verify these results. Thus, external validation cohort should be supplemented to better illustrate the relationship between efficacy and metabolomics. Secondly, due to the availability of blood samples from RCC patients, we only investigated the antitumor efficacy and metabolomics profile in Renca syngeneic mice. Thirdly, in this study, only eicosanoid metabolomics in the serum of different groups of mice were examined, and metabolomic features in the local tumor microenvironment (stripped tumors) were not examined. However, in view of the many advantages of non-invasive, convenient, real-time, and high-throughput biomarkers for predicting the efficacy of ANL in the treatment of RCC, this study did not use the stripped tumor as the main sample for detection, but rather predicted the antitumor efficacy of ANL by the determination of eicosanoid metabolites in blood. Taken together, to enlighten the mechanism of ANL in RCC, our work firstly revealed the antitumor efficacy and eicosanoid metabolic trajectories induced by ANL, and explored the predictive drug efficacy biomarkers in Renca syngeneic mice, which will provide a notable scientific contribution to prevention or therapy in patients with RCC.



Conclusion

Taken together, for the first time, we have uncovered the interplay between antitumor efficacy of ANL and comprehensive eicosanoid metabolic alterations in Renca syngeneic mice and revealed the potential predictive biomarker for efficacy or toxicity. This study reveals the eicosanoid metabolic profiles of mice in the healthy, disease model, and drug treatment states. Besides, a correlation analysis between eicosanoid metabolomics and efficacy of ANL was firstly explored, and eight metabolites (especially for DHA) were considered as potential serum biomarkers to predict the TV of different treatments. Overall, the results of this study not only provide a powerful reference for understanding metabolic reprogramming of eicosanoids but also offer an innovative perspective for the development of therapeutics, the discovery of predictive biomarkers, and the detection of effective tumor monitoring approaches.
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Background

Although chitin is absent in humans, chitinases are present in healthy subjects and show dysregulated expression in a variety of diseases resulting from abnormal tissue injury and repair responses. It was shown that chitotriosidase (chitinase 1/CHIT1) and structurally-related chitinase 3-like 1 protein (CHI3L1/YKL-40) play important roles in the pathobiology of idiopathic pulmonary fibrosis (IPF), however little is known about their longitudinal serum levels and relationship to clinical measures in IPF.



Methods

The present study is the first to evaluate serial measurements of serum CHIT1 activity and YKL-40 concentrations in patients with IPF starting antifibrotic treatment and followed up for 24 months. In addition, baseline serum CHIT1 and YKL-40 were compared between patients with IPF and control subjects, and possible CHIT1 and YKL-40 relationships to longitudinal clinical assessments in IPF were explored.



Results

Baseline serum CHIT1 activity and YKL-40 concentrations were significantly elevated in patients with IPF compared to control subjects and showed similar discriminatory ability in distinguishing IPF from controls. No significant differences between the median serum CHIT1 activity and YKL-40 concentration measured over a study follow-up were noted. We found significantly elevated baseline serum CHIT1 activity in the progressors compared with the stables in the first year, while significantly increased baseline serum CHIT1 activity was noted in the stables compared to the progressors in the second year. Additionally, we observed a significant negative correlation between a change in serum YKL-40 concentration and a change in forced vital capacity (FVC) % predicted (% pred.) in the stables subgroup, whereas, a change in serum CHIT1 activity correlated negatively with a change in FVC% pred. in the progressors subgroup.



Conclusions

This explorative study findings add further evidence that CHIT1 and YKL-40 are upregulated in patients with IPF, and suggest that longitudinally stable serum CHIT1 activity and YKL-40 concentration levels may potentially be associated with the antifibrotic treatment response. In addition, our findings are supporting the possible role of CHIT1 and YKL-40 as candidate diagnostic and prognostic biomarkers in IPF. Further research is needed to validate present study findings.





Keywords: chitotriosidase, chitinase 1, CHIT1, chitinase 3-like-1, YKL-40, idiopathic pulmonary fibrosis, IPF, biomarker



Introduction

Chitin is a polysaccharide polymer abundantly present in the environment. It is a structural constituent of the bacterial and fungal cell walls, the exoskeletons of crustaceans, the sheaths of parasitic nematodes, and the lining of the digestive tract of many insects. Those species possess several hydrolytic enzymes - chitinases, responsible for chitin metabolism, and are involved in many physiologic processes including growth and development (1). True chitinases, including chitotriosidase (chitinase 1/CHIT1) are active enzymes able to bind and degrade chitin (2). Many organisms, in addition to true chitinases, produce various structurally related chitinase-like proteins (CLPs), which express several regulatory functions but are lacking chitinolytic activity (1, 3). One of the most widely described CLPs is a chitinase 3-like 1 (CHI3L1/YKL-40). In humans, despite the absence of endogenous chitin, both true chitinases and CLPs have been identified. Nevertheless, their biological roles are poorly understood and have only recently begun to be revealed. A growing body of evidence suggests various regulatory functions of chitinases and CLPs in immune response regulation, inflammation, tissue damage, and tissue remodeling in both health and disease (1, 4–7).

Idiopathic pulmonary fibrosis (IPF) results from repeated micro-injuries to alveolar epithelium, caused by the exposure to various noxious stimuli, leading in genetically predisposed individuals to subsequent dysfunction of the alveolar epithelial cells (AECs), aberrant healing, and diffuse parenchymal fibrosis in the final stage of the pathogenic process (8–12). As consequence patients with IPF develop progressive dyspnea, the gradual decline of lung function, physical activity limitation, impairment of quality of life, and premature death with a median survival of 3 to 5 years (8, 13). Recently, antifibrotic therapy has been shown to modify the natural history of IPF, improve disease outcomes and survival (14–19).

It has been demonstrated previously that chitin as an abundantly present environmental polymer can be inhaled into the lungs and accumulate in patients with various respiratory conditions, including IPF, which in turn raises the possibility that chitin altered clearance may contribute to inflammatory and fibrotic pathways in the setting of lung diseases characterized by lung epithelium dysfunction (20–22). Moreover, studies demonstrated increased CHIT1 activity levels in serum and/or lung samples of patients with IPF (23, 24) and more recently upregulation of CHIT1 in single-cell transcriptomes of novel subpopulation pulmonary fibrosis-specific macrophages (25, 26). In addition, previous research revealed overexpression of YKL-40 in serum and/or lung samples in patients with IPF (27–30) and the regulatory role of YKL-40 in the development and progression of pulmonary fibrosis (31). Nevertheless, there is a knowledge gap whether an association between the amount of accumulated chitin in the lung and levels of chitinases and CLPs exists, and if any of these two or both can explain disease initiation, severity or progression. Therefore, the complex mechanisms and roles of chitinases and CLPs interactions and their possible impact on pathobiology of IPF remain to be elucidated.

To date, relatively little is known about circulating CHIT1 and YKL-40 and their associations with clinical assessments in patients with IPF. Furthermore, no previous research has investigated the longitudinal changes in serum CHIT1 activity and YKL-40 concentration levels in patients with IPF receiving antifibrotics.

In the present study, we aimed to evaluate the longitudinal changes in circulating CHIT1 and YKL-40 in patients with IPF. In addition, we compared baseline serum CHIT1 activity and YKL-40 concentrations in IPF and control subjects and explored the possible relationship of serum CHIT1 and YKL-40 to serial clinical measures in a cohort of patients with IPF starting antifibrotic therapy.



Materials and Methods


Study Population

We retrospectively enrolled 25 patients with IPF (14 males (56%), with a mean age of 68.5 ± 8.03 years) qualified for antifibrotic therapy and regularly monitored at the Department of Pneumology, Medical University of Lodz. The eligibility criteria of participant enrollment included a confident IPF diagnosis confirmed by a multidisciplinary team according to the international guidelines (13) and a follow-up period of at least 2 years during antifibrotic therapy. The exclusion criteria included a switch of an antifibrotic drug due to any reason over a study follow-up or a follow-up period shorter than 2 years. A group of 20 age-matched volunteers with no previous history of respiratory diseases was recruited as a control group. The IPF cohort included 18 patients qualified for the treatment with pirfenidone and 7 patients qualified for the treatment with nintedanib. The study protocol was reviewed and approved by the Ethics Committee of the Medical University of Lodz (approval number RNN/66/17/KE, date 14.03.2017). The study was conducted according to the Declaration of Helsinki principles and all study participants gave written informed consent before the start of any study-related procedures.



Methods

Enrolled patients with IPF underwent serial peripheral blood sampling and clinical assessments consisting of pulmonary function tests (PFTs), including spirometry and single-breath transfer factor of the lung for carbon monoxide (TL,CO) measurements, and a functional assessment using a six-minute walk test (6MWT). All study procedures were performed at baseline and after 6, 12, 18, and 24 months of antifibrotic treatment. Spirometry and TL,CO measurements were performed using the Lungtest 1000 system (MES, Cracow, Poland) according to ATS/ERS standards (32, 33). Forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and measurements of TL,CO corrected for hemoglobin concentration were recorded. For the expression of PFTs results as percent of the predicted values (% pred.), the Global Lung Function Initiative (GLI) reference values were adopted. The composite physiologic index (CPI) score was calculated for each of the IPF patients according to the following formula, as described previously (34): 91.0−(0.65 × TL,CO% pred.)−(0.53 × FVC% pred.) + (0.34 × FEV1% pred.). The control subjects underwent a peripheral venous blood sampling and spirometry at baseline only.



Blood Samples Processing

Peripheral venous blood samples were drawn into serum separator tubes (SST) (BD Dickinson) and left at room temperature for clotting for 30 minutes. Then, the samples were centrifuged for 15 minutes at 1000×g and stored at −80°C for further assessment.



Chitotriosidase Assay

Commercially available CycLex Chitotriosidase Fluorometric Assay Kit (Medical&Biological Laboratories CO., LTD., Nagano, Japan) was used to measure chitotriosidase activity in serum samples in a similar way as previously reported by our group (35). Briefly, chitotriosidase activity was measured using 4-methylumbelliferyl-β-N-N’-N”-triacetylchitotrioside (4-MUC) as a fluorogenic glycanase substrate with a final concentration of 0.02 mM. The enzyme reaction was initiated by the addition of 95 µl of Fluoro-Substrate solution (4-MUC and Assay Buffer diluted in water) to 5 µl of sample. 4-MUC was hydrolyzed by chitotriosidase present in the sample, producing 4-methylumbelliferone (4-MU) molecule. Fluorescence of 4-MU was measured for 50 minutes at 4 minutes intervals using VICTOR X4 Multilabel plate reader (Perkin Elmer Inc, Waltham, MA, USA) with excitation at 355 nm and emission at 460 nm. Chitotriosidase activity was determined using the slope of the 4-MU standard curve as the conversion factor and was expressed as nanomoles of substrate hydrolyzed per milliliter per hour (nmol/ml/h). Reported values are the average of three measurements.



YKL-40 Assay

Serum YKL-40 concentrations were measured using commercially available enzyme-linked immunosorbent assay (Biorbyt Ltd., Cambridge, UK) according to the manufacturer’s instructions. An assay sensitivity was 10 pg/ml and detection range 62.5 pg/ml – 4000 pg/ml. Each sample was tested in duplicate. Reported values are the average of two measurements.



Definition of IPF Progression

The composite definition of IPF progression was described as ≥10% absolute decline in FVC% pred. and/or ≥15% absolute decline in TL,CO% pred. and/or ≥50 meters decline in 6MWT distance within 12 months period of antifibrotic therapy (12 months vs baseline and 24 months vs 12 months study timepoint). Patients fulfilling the above criteria were classified as progressors, whereas the others were classified as stables.



Statistical Analysis

The data were analyzed using a GraphPad Prism 9 (GraphPad Software, La Jolla, San Diego, CA, USA) except for receiver-operating characteristic (ROC) curve analysis where NCSS 2021 Statistics Software version 21.0.2 (NCSS, LLC. Kaysville, Utah, USA) was used. The Shapiro-Wilk test was used for the assessment of normality of data distribution. The continuous data are expressed as mean with standard deviation (SD) for normally distributed data or as median with interquartile range (IQR) for nonparametric data. Categorical variables are presented as either a percentage of the total or numerically, as appropriate. Data were analyzed using paired t-test, Wilcoxon signed-rank test, unpaired t-test, or the Mann-Whitney U test, depending on data normality and homogeneity of variance. For comparison of multiple groups of the paired sample, we used the Friedman test with Dunn’s correction for nonparametric data, whereas for parametric data we applied one-way repeated measures ANOVA with the Geisser-Greenhouse correction. The Spearman correlation coefficient was used to evaluate correlations. The ROC curves were constructed to evaluate the discriminating capability of CHIT1 and YKL-40 to differentiate patients with IPF from control subjects. Cut-off levels for serum CHIT1 activity and YKL-40 concentration were determined using the Youden index. We performed an analysis of possible associations between longitudinal changes in serum CHIT1 activity and YKL-40 concentration and longitudinal changes in FVC% pred., TL,CO% pred., and 6MWT distance. All changes were evaluated separately in the subgroup of patients with stable and progressive disease over the first and the second year of study follow-up and were counted as the difference in values at 12 months vs baseline and 24 months vs 12 months study timepoint, respectively. Changes in serum CHIT1 activity, YKL-40 concentration and 6MWT distance were expressed in % of relative change, whereas, the changes in FVC% pred. and TL,CO% pred. were expressed as the absolute change of % predicted values. The significance was accepted at p<0.05.




Results


Baseline Characteristics of Study Participants

The characteristics of the study population are presented in Table 1. The mean age of patients with IPF was 68.5 ± 8.03 years, and the majority of them (72%) were active or past smokers with a median of 20 pack-years smoking exposure. The median disease duration before the start of antifibrotic treatment was more than 1.5 years. The PFTs data at baseline in our IPF patients showed moderate lung function impairment with mean FVC% pred. of 73.3 ± 19.1% and mean TL,CO% pred. of 52.5 ± 13.2%.


Table 1 | Baseline characteristics of the study population.





Baseline Serum CHIT1 Activity and YKL-40 Concentration

Serum CHIT1 activity and YKL-40 concentrations were measurable in all subjects studied. We noted significantly elevated baseline serum CHIT1 activity in patients with IPF (6.97 (5.54-8.54) nmol/ml/h) compared to controls (4.37 (2.97-6.27) nmol/ml/h; p<0.001), see Figure 1. Baseline serum YKL-40 concentration was also significantly increased in patients with IPF compared to control subjects (65.20 (27.25-119.60) ng/ml vs. 22.35 (8.73-38.93) ng/ml; p < 0.001), see Figure 2.




Figure 1 | Baseline serum CHIT1 activity in patients with IPF (n=25) and control subjects (n=20). Median and interquartile range (IQR) are depicted. ***p < 0.001. CHIT1, chitotriosidase; IPF, idiopathic pulmonary fibrosis.






Figure 2 | Baseline serum YKL-40 concentrations in patients with IPF (n=25) and control subjects (n=20). Median and interquartile range (IQR) are depicted. ***p < 0.001. YKL-40, chitinase 3-like-1; IPF, idiopathic pulmonary fibrosis.



ROC curves were constructed to evaluate the discriminating capability of serum CHIT1 and YKL-40 to differentiate IPF subjects from controls, see Figure 3. Baseline serum CHIT1 activity and YKL-40 concentration had a similar discriminatory ability to differentiate patients with IPF from controls (AUC value of 0.806; p=0.00001 for CHIT1 and AUC value 0.788; p=0.0001 for YKL-40). More detailed information including the optimal cut-off values, sensitivity, and specificity are presented in Table 2.




Figure 3 | ROC curve analysis of serum CHIT1 activity and YKL-40 concentration to distinguish IPF from control subjects. ROC, receiver operating characteristic; CHIT1, chitotriosidase; YKL-40, chitinase 3-like 1.




Table 2 | Discriminating capability and cut-off values of baseline serum CHIT1 and YKL-40 by ROC curve analysis distinguishing IPF from controls.





Longitudinal Associations of Serum CHIT Activity and YKL-40 Concentration With Clinical Measures in Patients With IPF

The longitudinal changes in PFTs, 6MWT distance, serum CHIT1 activity and YKL-40 concentrations in the IPF cohort evaluated in 6-months intervals are presented in Table 3. Over a study follow-up, the mean FVC and TL,CO were relatively preserved. The mean 6MWT distance decreased significantly after 24 months of study duration. No significant differences between the median serum CHIT1 activity and YKL-40 concentration levels measured in the consecutive study timepoints were noted, see Table 3.


Table 3 | Longitudinal changes in PFTs, 6MWT, and serum CHIT1 and YKL-40 in patients with IPF.



Analysis of possible relationships between serum CHIT1 activity and YKL-40 concentration and clinical measures in patients with IPF revealed a positive correlation between serum YKL-40 and age of IPF subjects at baseline (r=0.56, p<0.01, Table S1), 6 months (r=0.48, p<0.05, Table S2), 12 months (r=0.45, p<0.05, Table S3), and 18 months of antifibrotic treatment (r=0.41, p<0.05, Table S4). Similarly, serum YKL-40 concentrations correlated positively with CPI score at baseline (r=0.54, p<0.01, Table S1), and 6 months of treatment (r=0.55, p<0.01, Table S2). Moreover, we noted a positive correlation between serum YKL-40 concentrations and FVC% pred. at 24 months of treatment (r=0.40, p<0.05, Table S5). In addition, we observed a negative correlation between serum YKL-40 concentrations and 6MWT at 6 months of treatment (r=-0.45, p<0.05, Table S2). Baseline serum CHIT1 activity correlated negatively with FVC absolute values (r=-0.49, p<0.05, Table S1). All possible correlations between serum CHIT1 and YKL-40 and clinical measures in the IPF cohort are presented in Supplementary Tables S1–S5 (Supplementary Material).



Longitudinal Changes in Serum CHIT1 Activity and YKL-40 Concentration According to the Disease Progression Assessment of Patients With IPF

According to the composite definition of IPF progression, after the first year of antifibrotic therapy, 16 subjects were classified as stables and 9 subjects were classified as progressors. During the second year, 15 subjects were classified as stables and 10 subjects were classified as progressors. None of the patients experienced progression consecutively over both 12-months follow-up periods. Analysis of baseline serum CHIT1 activity and YKL-40 concentration in subgroups of patients with stable and progressive disease within the first year of antifibrotic therapy revealed significantly elevated serum CHIT1 activity in the progressors compared with the stables (8.40 (6.83-9.61) nmol/ml/h vs 6.39 (5.04-7.54) nmol/ml/h; p<0.05), see Figure 4A. Over the second year of antifibrotic therapy, we observed significantly increased serum CHIT1 activity in patients with stable disease (7.02 (6.53-9.30) nmol/ml/h) in comparison with the progressors subgroup (5.78 (5.17-8.30) nmol/ml/h), see Figure 4B. No significant differences were observed in serum YKL-40 concentrations between patients with stable or progressive disease over a study follow-up, see Figure 5. Additionally, no significant dynamic changes of neither serum CHIT1 nor YKL-40 in the stables and progressors subgroups were noted, see Figures 4, 5. Single patient dynamic changes of serum CHIT1 activity and YKL-40 concentration levels in the stables and progressors over a study follow-up are shown in Supplementary Figures S1, S2 (Supplementary Material).




Figure 4 | Serum CHIT1 activity in IPF patients with stable and progressive disease over the first and the second year of antifibrotic therapy. Data are presented as the median and interquartile range (IQR). Panels showing: (A) serum CHIT1 activity measured in stables (n=16) and progressors (n=9) at baseline and 12 months, (B) serum CHIT1 activity measured in stables (n=15) and progressors (n=10) at 12 and 24 months; *p < 0.05; CHIT1, chitotriosidase.






Figure 5 | Serum YKL-40 concentrations in IPF patients with stable and progressive disease over the first and the second year of antifibrotic therapy. Data are presented as the median and interquartile range (IQR). Panels showing: (A) serum YKL-40 concentrations measured in stables (n=16) and progressors (n=9) at baseline and 12 months, (B) serum YKL-40 concentrations measured in stables (n=15) and progressors (n=10) at 12 and 24 months. YKL-40, chitinase 3-like-1.





Associations of Longitudinal Changes in Serum CHIT1 Activity and YKL-40 Concentration and Changes in PFTs and 6MWT in Subgroups of Patients With IPF

In the first year of antifibrotic therapy, no significant correlations between longitudinal changes in serum CHIT1 activity and YKL-40 concentration and longitudinal changes in FVC% pred., TL,CO% pred., and 6MWT distance were observed in any of the subgroups of IPF patients. In the second year of antifibrotic therapy, we observed a significant negative correlation between a change in serum YKL-40 concentration levels and a change in FVC% pred. (r=-0.53, p<0.05), see Figure 6A in the stables subgroup. Moreover, in the progressors subgroup, a change in serum CHIT1 activity levels correlated negatively with a change in FVC% pred. (r=-0.66, p<0.05), see Figure 6B. All possible correlations of longitudinal changes in serum CHIT1 activity and YKL-40 concentration levels with changes in FVC% pred., TL,CO% pred., and 6MWT distance in patients with stable and progressive disease are presented in Supplementary Tables S6–S9 (Supplementary Material).




Figure 6 | Associations of changes in serum CHIT1 activity and YKL-40 concentration with changes in FVC% pred. in patients with the stable and progressive disease over the second year of antifibrotic treatment. Panels showing: (A) a correlation between changes in serum YKL-40 concentration levels and changes in FVC% pred. in the stables subgroup (n=15), (B) a correlation between changes in serum CHIT1 activity levels and changes in FVC% pred. in the progressors subgroup (n=10), FVC, forced vital capacity; CHIT1, chitotriosidase; YKL-40, chitinase 3-like-1.






Discussion

This study investigated serial changes in serum CHIT1 and YKL-40 for up to 24 months in a cohort of patients with IPF receiving antifibrotic treatment. In addition, baseline serum CHIT1 activity and YKL-40 concentration were compared between patients with IPF and control subjects, and possible CHIT1 and YKL-40 relationships to longitudinal clinical assessments in IPF were explored. The main findings of the present study are that baseline serum CHIT1 activity and YKL-40 concentrations are significantly increased in IPF compared with control subjects and both show similar discriminatory ability in distinguishing IPF patients from controls. No significant differences between serial measurements of serum CHIT1 activity and YKL-40 concentration levels over 24 months of study follow-up were noted. Longitudinal data revealed that baseline serum CHIT1 activity was most clearly distinguishing patients with progressive and stable disease, however, results were contradictory in the first and the second year of study follow-up. No significant dynamic changes of serum CHIT1 or YKL-40 in patients with progressive or stable disease were noted. In addition, a significant inverse correlation between a change in serum YKL-40 concentration and a change in FVC% pred. was observed in the stables subgroup of patients, while a significant inverse correlation between a change in serum CHIT1 activity and a change in FVC% pred. in the progressors subgroup was noted. Overall, our study findings add further evidence that CHIT1 and YKL-40 are upregulated in patients with IPF, and suggest that their longitudinally stable serum levels may potentially be associated with the antifibrotic treatment response. Additionally, the study results are supporting the possible role of CHIT1 and YKL-40 as candidate diagnostic and prognostic biomarkers in IPF. Further research is necessary to validate our exploratory findings and to understand the precise roles of chitinases in biological functions in IPF.

Chitinases and CLPs can be found in the circulation and tissues of both healthy subjects and patients with various acute and chronic disorders characterized by inflammation and remodeling (1, 4–7). However, their precise roles in health and disease are poorly understood because no endogenous substrate for chitinases or CLPs has been identified in humans. CHIT1 is the best characterized true chitinase from a biological and clinical perspective (36) and is the most prominent chitinase in human lung and circulation (37). CHIT1 is secreted by activated macrophages, yet other sources of CHIT1, including neutrophils and structural cells, were identified (36, 38). YKL-40 belongs to the mammalian CLPs family members, which bind chitin with high affinity, but lack chitinolytic activity. YKL-40 is produced by various cell types, including macrophages, neutrophils, monocytes, and several structural cells (39, 40).

Macrophages have been recognized to play a significant role in the pathobiology of IPF. Depending on the local microenvironments, macrophages can be polarized to classically activated (M1) or alternatively activated (M2) phenotypes. In general, M1 macrophages are responsible for wound healing after AEC injury, while M2 macrophages are designated to resolve wound healing processes or terminate inflammatory responses in the lung (41). Moreover, macrophages are known to play pivotal roles in immune regulation. It is of note, that previous studies suggested an active role of both CHIT1 and YKL-40 in monocyte to macrophage transition and polarization which is supporting their contribution in innate and acquired immune responses and involvement in maintaining the homeostasis in the immune system (42). Recent studies have demonstrated increased CHIT1 expression in the single-cell transcriptomes of macrophage subpopulations in IPF (25, 26). It is well known, that transforming growth factor-β1 (TGF-β1) is a key regulator of pulmonary fibrosis as well as other fibrotic diseases of various organs. YKL-40 is known to drive inflammatory pathways while preventing apoptosis and inducing fibrosis through molecules like TGF-β1. It also plays an essential role in the induction of alternative macrophage activation (43). Taken together, it can be speculated that activated macrophages in patients with IPF are responsible for the upregulation of CHIT1 and YKL-40 which in turn may contribute to the progression of lung fibrosis. Nevertheless, the exact biological roles, possible interactions, and contributions of CHIT1 and YKL-40 in the pathogenesis of IPF are not clearly defined and remain to be elucidated.

To the best of our knowledge, the present study is the first to investigate the longitudinal changes in circulating CHIT1 and YKL-40 in patients with IPF receiving antifibrotics. Herein, we demonstrated significantly increased baseline serum CHIT1 activity and YKL-40 concentration levels in IPF compared with control subjects. These findings are in line with some data from the previous research on the topic, however, published reports regarding CHIT1 activity and YKL-40 concentrations in IPF are only a few and some results are contradictory (23, 24). One previous study evaluating CHIT1 activity levels in patients with interstitial lung disease (ILD) showed that serum CHIT1 activity was only elevated in sarcoidosis patients, while in patients with IPF and patients with systemic sclerosis-associated ILD (SSc-ILD) serum CHIT1 activity levels were not different compared to controls. However, the same study results revealed significantly increased CHIT1 activity levels in bronchoalveolar lavage fluid (BALf) of sarcoidosis and IPF patients than in controls, suggesting compartment-specific regulation of CHIT1 (23). On the contrary, more recent research reported elevated CHIT1 activity in both serum and induced sputum obtained from IPF patients compared to controls and demonstrated overexpression of CHIT1 in BALf macrophages of IPF patients (24). Our research results support the shreds of evidence that CHIT1 is upregulated in IPF. Moreover, our study ROC curve analysis showed a discriminatory capability for serum CHIT1 activity in distinguishing IPF from controls using a cut-off value of 5.67 nmol/ml/h that supports serum CHIT1 potential as a diagnostic biomarker in IPF.

Our finding of increased serum YKL-40 concentrations in IPF compared with controls is in complete agreement with the previous clinical research studies in the ILD field reporting elevated YKL-40 concentrations in serum and/or BALf of patients with IPF (27–30), sarcoidosis (44, 45), or connective tissue disease-associated ILD (CTD-ILD) (29, 46–49). It has been also shown that high serum and BALf YKL-40 concentrations are associated with poor survival in patients with IPF and hypersensitivity pneumonitis (HP) (28, 30). We found, in agreement with others, a correlation between serum YKL-40 and the age of IPF patients (30, 50, 51). In contrast with the previous research, we have not confirmed a sporadically reported correlation between baseline serum YKL-40 and TL,CO which was demonstrated in IPF (27), sarcoidosis (44, 45), and CTD-ILD (46). Taken together, our study data support the evidence that YKL-40 is upregulated in IPF. Moreover, the ROC curve analysis showed a discriminatory capability for serum YKL-40 in distinguishing IPF from controls using a cut-off value of 40.9 ng/ml that supports serum YKL-40 as a potential biomarker of an early diagnosis in IPF.

We observed relatively stable serially measured CHIT1 activity and YKL-40 concentrations over a study follow-up. To date, results of serial measurements of serum CHIT1 activity in IPF have not been reported. Although, it has been demonstrated that serial measurements of serum CHIT1 correlate with clinical symptoms, chest radiographs, and lung function in sarcoidosis (52) and may have the potential as high specificity biomarker of extrapulmonary manifestations of the disease (53). Only one previous study reporting serial measurements of YKL-40 in IPF patients not receiving antifibrotics showed that serum YKL-40 remains remarkably stable over time despite disease progression (29). We speculate that our novel finding of longitudinally stable serum CHIT1 and YKL-40 in patients with IPF over 24 months may potentially be associated with the antifibrotic treatment response. However, this novel exploratory finding needs confirmation in further studies performed in larger cohorts of patients.

The composite definition of IPF progression in our study included assessment of changes in physiologic (FVC and TL,CO), and functional (6MWT) markers of disease severity. An absolute decline in FVC of ≥10% or TL,CO of ≥15% over 6 to 12 months has been regarded as clinically important and is frequently used to describe a significant disease progression (54). Moreover, the substantial evidence demonstrates that ≥10% decline in FVC is associated with a significant increase in mortality in IPF (55–58). Data regarding changes in TL,CO as a clinical predictor of outcomes in IPF are inconclusive, nevertheless, studies show that trends in TL,CO levels might provide important information for determining mortality (57). The longitudinal variation in the 6MWT distance has been used to reflect the disease status and progression (59–61), prognosis prediction (62) and has been shown to outweigh other predictors of mortality in IPF (63). A threshold for minimum clinically important difference value for 6MWT has been suggested as 24-45 meters or more (64). It is likely that the composite definition of disease progression used in our study, including both physiologic, and functional measures, reflects more broadly a clinically significant deterioration of patients with IPF in routine clinical practice. Our study longitudinal data revealed that baseline serum CHIT1 activity was most clearly distinguishing patients with the progressive and stable disease according to the composite definition of IPF progression. Nevertheless, the obtained results were contradictory between the first and the second year of patients’ follow-up. Mechanistic studies demonstrated that CHIT1 enhances TGF-β1-stimulated fibrotic cellular and tissue responses and TGF-β1 signaling, which suggests that CHIT1 is a fibrogenic modifier contributing to the pathogenesis of pulmonary fibrosis (65, 66). Therefore, increased CHIT1 expression may be associated with the disease progression in IPF. Interestingly, it was shown that inhibition of CHIT1 has more favorable therapeutic effects than nintedanib and comparable therapeutic efficiency to pirfenidone in the bleomycin-induced pulmonary fibrosis model (24, 67). CHIT1 is recently considered as a novel therapeutic target in IPF and the first-in-class CHIT1 inhibitor is currently studied as a potential treatment for IPF (68, 69). Based on our study’s novel finding that baseline serum CHIT1 activity could discriminate stables from progressors, we believe that CHIT1 could be useful as a potential biomarker of prognosis for the clinical practice in IPF, however further studies are warranted to confirm the present study results.

Although baseline serum CHIT1 activity and YKL-40 concentration levels were not associated with pulmonary function in our study cohort, we noted a significant relationship between a change in serum levels of CHIT1 activity and YKL-40 concentration and a change in FVC% pred. over study follow-up. Interestingly, a change in serum YKL-40 concentration level was inversely correlated with a change in FVC% pred. in the stables subgroup, while a change in serum CHIT1 activity level was inversely correlated with a change in FVC% pred. in the progressors subgroup of patients with IPF. No previous clinical studies in IPF reported similar findings, and no clear explanation for such observation is arising from the literature. We believe, these aforementioned exploratory findings underscore the complex biological roles of CHIT1 and YKL-40 as modulators of pathogenic mechanisms in IPF. It has been demonstrated previously that YKL-40 has complex roles in the development and progression of pulmonary fibrosis and its regulation must be carefully balanced. In an animal model of bleomycin-induced pulmonary fibrosis, YKL-40 played a protective role in injury by ameliorating inflammation and cell death, and a profibrotic role in the repair phase by augmenting alternative macrophage activation, fibroblast proliferation, and matrix deposition. In other words, downregulation of YKL-40 during the initial injury phase can result in subsequent, exaggerated fibrosis, while upregulation of YKL-40 in the fibrosis phase drives excessive deposition of collagen and other extracellular matrix proteins (31).

Despite the novel findings of the present study, it has several limitations. First, the sample size is relatively small which might lead to either under or overestimation of the observed effects. However, as this was an exploratory and not confirmatory study, the sample size estimation and power analysis were not calculated. Secondly, a selection bias due to the lack of patients with more advanced IPF in our cohort could have influenced the obtained results. It is of note, that patients with advanced IPF (FVC<50% of pred. and TL,CO<30% of pred.) are not eligible to receive reimbursed antifibrotics in our country, therefore, they could not be enrolled in the study. Thirdly, to answer the question of whether the stable serum levels of chitinases during antifibrotic therapy noted in our study are associated with the treatment response we would need a longitudinal comparison with the cohort of patients with IPF not receiving antifibrotics. Due to ethical concerns, such study construction was not feasible. Lastly, the present study has not included any survival analysis, which potentially limits the evaluation of the prognostic ability of CHIT1 and YKL-40 in IPF patients treated with antifibrotics. However, to study longitudinal changes in serum CHIT1 and YKL-40 only subjects with complete study timepoints had to be included in the analysis. Regardless of the above shortcomings, our study data substantiate the current knowledge on the longitudinal expression of CHIT-1 and YKL-40 in IPF. Additional studies planned in larger patient cohorts are warranted to validate our study results and to evaluate the biological significance of our findings.

In short, there are many gaps in our current knowledge of the biological roles of chitinases and CLPs in the pathobiology of IPF. Our study supports the evidence that CHIT1 and YKL-40 are upregulated in patients with IPF compared with controls and their serum measurements may offer a tool for early diagnosis of IPF. In addition, the present study’s longitudinal data showed for the first time that serum CHIT1 activity and YKL-40 concentration are stable in IPF patients treated with antifibrotics and may have the potential as candidate prognostic biomarkers in IPF clinical practice.



Conclusions

In conclusion, the present study findings add further evidence that CHIT1 and YKL-40 are upregulated in patients with IPF, and suggest that longitudinally stable serum CHIT1 activity and YKL-40 concentrations may potentially be associated with the antifibrotic treatment response. In addition, our findings are supporting the possible role of CHIT1 and YKL-40 as candidate diagnostic and prognostic biomarkers in IPF. Further longitudinal and mechanistic studies are required to fully understand the precise roles of chitinases and CLPs in the biological processes of IPF.
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Liver fibrosis is the pathological process of excessive extracellular matrix deposition after liver injury and is a precursor to cirrhosis, hepatocellular carcinoma (HCC). It is essentially a wound healing response to liver tissue damage. Numerous studies have shown that hepatic stellate cells play a critical role in this process, with various cells, cytokines, and signaling pathways engaged. Currently, the treatment targeting etiology is considered the most effective measure to prevent and treat liver fibrosis, but reversal fibrosis by elimination of the causative agent often occurs too slowly or too rarely to avoid life-threatening complications, especially in advanced fibrosis. Liver transplantation is the only treatment option in the end-stage, leaving us with an urgent need for new therapies. An in-depth understanding of the mechanisms of liver fibrosis could identify new targets for the treatment. Most of the drugs targeting critical cells and cytokines in the pathogenesis of liver fibrosis are still in pre-clinical trials and there are hardly any definitive anti-fibrotic chemical or biological drugs available for clinical use. In this review, we will summarize the pathogenesis of liver fibrosis, focusing on the role of key cells, associated mechanisms, and signaling pathways, and summarize various therapeutic measures or drugs that have been trialed in clinical practice or are in the research stage.
Keywords: liver fibrosis, hepatic stellate cells, cytokines, extracellular matrix, traditional Chinese medicine
INTRODUCTION
Hepatic fibrosis is a universal pathological process that occurs in various types of chronic liver disease, including viral hepatitis, alcoholic hepatitis, fatty liver disease, nonalcoholic fatty liver disease (NAFLD), wilson’s disease, and cholangitis. When hepatocytes are damaged, the release of signals such as reactive oxygen species (ROS) and intercellular interactions lead to the differentiation of HSCs towards myofibroblasts, and the latter is the primary source of the extracellular matrix (ECM) (Casini et al., 1997; Novo et al., 2009; Ghatak et al., 2011; Mederacke et al., 2013). Damaged hepatocytes also activate inflammatory cells such as macrophages and lymphocytes to generate multiple types of cytokines, including transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF). These cytokines would result in dysregulation of ECM degradation and synthesis, leading to the development of liver fibrosis (Luedde et al., 2014; Seki and Schwabe, 2015). Suppose the injury persists and therapeutic interventions are not taken in time, the liver parenchyma will gradually be replaced by scar tissue formed by excessive ECM, leading to the loss of standard structure and the formation of cirrhosis. Additionally, the risk of hepatocellular carcinoma (HCC) and serious complications such as gastrointestinal bleeding increased.
Over the past decades, we have made some important progress in the mechanism study of liver fibrosis, but the complex pathogenesis of liver fibrosis poses certain difficulties for the development of anti-hepatic fibrosis drugs. Many therapeutic interventions are effective in experimental models, but their efficacy and safety in humans are unknown and cannot be applied in the clinic for the time being. Though still lack of specific anti-fibrosis agents in clinical, numerous studies have shown that the etiological treatment of primary liver disease is effective and even partially reversible for liver fibrosis (Dienstag et al., 2003; Czaja and Carpenter, 2004; Schiff et al., 2008; Chang et al., 2010). In addition, it is worth mentioning that traditional Chinese medicine (TCM) has a beneficial effect on anti-fibrosis (Chen et al., 2015). In this review, we will summarize the various therapeutic measures or drugs that have been trialed in clinical practice or are in the research stage.
OVERVIEW OF THE MECHANISMS OF LIVER FIBROSIS
Liver fibrosis is caused by an excessive accumulation of scar tissue, accompanied by angiogenesis (Lin et al., 2021), which ultimately leads to changes in the architecture of the liver. The mechanisms of liver fibrosis can be generalized as follows, multiple stimuli (such as toxins, viruses, cholestasis, hypoxia, and insulin resistance, etc.) attack the liver cells and induce the formation of reactive oxygen species (such as hydrogen peroxide, hydroxyl radicals, and aldehyde end products, etc.), which in turn cause hepatocyte damage, apoptosis, steatosis, and immune cell infiltration, especially kupffer cells (KCs) (Wehr et al., 2013; Pradere et al., 2013). At the same time, sinusoidal endothelial cells experience the loss of fenestrae, known as capillarization of the sinusoids (Marrone et al., 2016). Chronic damage to hepatocytes is the initiator of the fibrotic cascade, it induces the production of pro-fibrotic cytokines/growth factors (e.g., TNF-a, IL-6, TGF-β, and PDGF) indirectly through interactions with hepatic macrophages and natural killer (NK) cells. Meanwhile, it directly activates primary response cells (e.g., hepatic stellate cells) through the release of cellular contents, ultimately leading to the activation of HSCs and the fibrotic network and excessive deposition of ECM (Figure 1) (Canbay et al., 2002; Elpek, 2014). Based on the pathogenesis, we can regress liver fibrosis by protecting hepatocytes, inhibiting the activation of hepatic stellate cells, and fibrotic scar evolution.
[image: Figure 1]FIGURE 1 |  Mechanisms of liver fibrosis. Liver injury is caused by a variety of stimuli that result in hepatocyte damage and the release of substances such as ROS; in response to persistent hepatocyte injury, HSCs and macrophages (including Kupffer cells) are activated, activated myofibroblasts increase and excessive ECM is produced, leading to the progression of liver fibrosis. The activation of hepatic stellate cells is a key step in the process of liver fibrosis. Many influential factors regulating HSC activation, proliferation, function, and survival have emerged as important therapeutic targets; likewise, protection of hepatocytes from damage and degradation of excessive ECM deposition provide therapeutic options. HSCs: Hepatic stellate cells CCL2:C-C chemokine ligands types 2; LPS: Lipopolysaccharide LSEC： Liver sinusoidal endothelial cells TIMP: inhibitors of matrix metalloproteinase; MMP: matrix metalloproteinase; DAMPS:damage-associated molecular patterns; ECM: extracellular matrix; ROS: reactive oxygen species.
The ECM is a complex network of macromolecular substances that can regulate various physiological functions such as cell growth, proliferation, migration, differentiation, adhesion, metabolism, damage repair, and tissue remodeling through various signaling systems. In the normal liver, it is a highly dynamic substrate that maintains an exact balance between synthesis and degradation (Theocharis et al., 2016; Villesen et al., 2020). However, in chronic liver disease, the balance is disturbed due to the involvement of multiple cells and cytokines, leading to a greater synthesis than degradation. But most of these changes can be reversed if the liver injury is transient (Hernandez-Gea and Friedman, 2011). The process of liver fibrosis is complicated, involving both hepatic parenchymal and non-parenchymal cells as well as immune cells, and the main functions of different cells and cytokines in liver fibrosis are described in detail below.
KEY CELL TYPES IN LIVER FIBROSIS
Hepatic Stellate Cells and Myofibroblasts
In normal liver, HSCs exhibit a quiescent state, whose physiological functions are related to fat storage and the metabolism of vitamin A. Another function of the quiescent HSC is to secrete adequate amounts of ECM proteins such as type III collagen, type IV collagen, and laminin. Besides, HSC secretes a variety of degradative enzymes called matrix metalloproteinases (MMPs), such as MMP-1, which promote the degradation of ECM. HSC also produces tissue inhibitors of matrix metalloproteinases (TIMPs), such as the TIMP-1 and TIMP-2. The TIMP1 can prevent ECM degradation by blocking MMPs and can inhibit HSC apoptosis (Carloni et al., 1996; Roeb et al., 1997; Benyon and Arthur, 2001; Geerts, 2001; Yoneda et al., 2016). The highly regulated interaction between MMPs and TIMPs is responsible for the renewal of the liver matrix and the maintenance of homeostasis and healthy liver architectures in vivo (Murphy et al., 2002). When the liver injury occurs, numerous key cells and inflammatory mediators are involved, including inflammatory stimuli, fibrogenic cytokines TGF-β, ROS, produced by activating macrophages, platelets, and products of damaged hepatocytes drive HSC activation. Quiescent HSCs become activated and TIMP-1 expression is upregulated, which is an essential and central step of liver fibrogenesis. The activated HSCs can not only transform into myofibroblasts and secrete enough ECM, but also secret cytokines such as TGF-β to maintain a constant state of activation, ultimately resulting in the deposition of mature collagen fibers in the space of the Disse and leading to the formation of scars (Tsuchida and Friedman, 2017).
In past, our understanding of HSCs has been dominated by their crucial role in liver fibrosis, thus generating anti-fibrotic strategies that target this cell. As research has progressed and understanding of the role of HSCs in disease has increased, we have found that HSCs have a role in promoting liver cell regeneration (Yang et al., 2008), which may be achieved mainly through the following mechanisms, secretion of cytokines that promote liver cell proliferation, promote the migration of stem cells to the liver, and promote the epithelial transformation of mesenchymal cells into hepatocytes. Therefore, we need to consider their role in liver regeneration when targeting HSCs in liver fibrosis (Ge et al., 2020).
Myofibroblasts (MFs) are key cells in fibrotic diseases, including lung, kidney, and liver disease (Friedman et al., 2013). It is the major cell that produces ECM in the process of liver fibrosis, such as collagen I and III. The origin of myofibroblasts has been controversial, but experiments and data now demonstrate that the main sources are HSCs and portal myofibroblasts. Following an injury to liver tissue, myofibroblasts are transformed from activated HSCs in response to a large number of cytokines and inflammatory cells. The overproduced cytokines can continue to act on myofibroblasts to keep them activated, which in turn produces large aggregates of ECM. In biliary disease, the main source of myofibroblasts is portal myofibroblasts (Iwaisako et al., 2014; Wells et al., 2015). Besides, animal experiments have shown that HSCs and myofibroblasts can be converted from mesothelial cells via mesothelial-mesenchymal transition after liver injury (Li et al., 2013).
Hepatocytes
Hepatocytes make up 80% of the total cell population and volume of the human liver, and under physiological conditions perform a variety of functions such as detoxification, secretion of bile, proteins, and lipids (Schulze et al., 2019). It is also a primary target for toxic substances that attack the liver. Hepatocyte death is an important initial event in all liver diseases. Dead hepatocytes release intracellular compounds called damage-associated molecular patterns (DAMPs) that signal to surround hepatic stellate cells and Kuffer’s cells and therefore play an important role in the development of fibrosis and inflammation (An et al., 2020; Gaul et al., 2021). Therefore, protecting hepatocytes from damage is an important therapeutic intervention.
Inflammatory Cells
Inflammation is a fundamental characteristic of chronic liver disease, cell death is typically the precipitating event. The release of signals such as reactive oxygen species (ROS) from the damaged cells can activate the inflammatory cells, including macrophages, lymphocytes, and NK cells etc (Jaeschke, 2011). Among them, hepatic macrophages (Kupffer cells) play major roles and are known as regulators in the process of liver fibrosis (Wynn and Barron, 2010). KCs are an essential component of the innate immune mononuclear phagocytic system and play critical functions in homeostasis, and act as first responders following liver injury. In response to tissue damage, numerous Ly-6Chi macrophages are recruited to the liver, releasing cytokines and attracting NK cells and other immune cells (Karlmark et al., 2009; Reid et al., 2016). These macrophages could induce the transdifferentiation of HSCs into collagen-producing myofibroblasts by secreting TGF-β1 and PDGF. Dendritic cells (DCs) increase fibrosis regression, mainly through the production of MMP-9 (Jiao et al., 2012). NK cells directly kill target cells and are capable of producing a variety of cytokines that play various roles in liver injury, fibrosis, and hepatocarcinogenesis, activated NKT cells have a role in killing activated HSCs (Radaeva et al., 2006). However, in chronic liver disease, NKT cells have a pro-inflammatory function, recruit neutrophils and myeloid cells, and promote the activation of hepatic stellate, leading to hepatocyte necrosis, fibrosis, and even HCC (Jin et al., 2011; Wolf et al., 2014).
Activated inflammatory cells are the primary source of cytokines, such as C-C chemokine ligands types 2 and 5 (CCL2 and CCL5), IL, TGF-β1, PDGF, etc. The role of inflammatory cells is double-sided, which could promote the regression of liver fibrosis and accelerate the deterioration of fibrosis. For example, hepatic macrophages can not only relieve inflammation and fibrosis by degrading the ECM and releasing anti-inflammatory cytokines but also promote liver fibrosis by activating HSCs (Duffield et al., 2005; Tacke and Zimmermann, 2014). The Ly6Chi macrophages can differentiate into restorative Ly6Clo macrophages to engulf cell debris and secrete MMP-9 and MMP-1/MMP-2 to promote scar regression (Ramachandran et al., 2012).
Liver Sinusoidal Endothelial Cells
In normal liver tissue, liver sinusoidal endothelial cells (LSECs) have characteristics of vasodilatory, anti-inflammatory, anti-thrombotic, anti-angiogenic, anti-fibrotic, and regeneration-promoting effects (Ding et al., 2010), so LSECs are considered to be the gatekeepers of hepatic homeostasis. At the same time, LSECs are the main source of endothelium-derived nitric oxide (NO), which keeps HSCs in a resting state. In the presence of liver injury, LSECs become capillarized, which can not only reduce the production of vasodilators (such as NO, cyclooxygenase, and prostaglandin I2 [PGI2]) but also increase the production of vasoconstrictors (endothelin 1, thromboxane A2, angiotensin II). This imbalance not only alters the phenotype of LSECs but also contributes to the activation of HSCs and promotes inflammation and liver fibrosis (Deleve et al., 2008; Xie et al., 2012; Poisson et al., 2017). It also secretes TGF-β, PDGF or activates signaling pathways such as Wntβcatenin, which can activate HSCs in a paracrine and autocrine manner. Due to the unique properties of LSECs, selective LSEC-targeted therapy appears to be an attractive strategy for the treatment of liver fibrosis (Gracia-Sancho et al., 2021).
MOLECULAR SIGNALING PATHWAYS INVOLVED IN LIVER FIBROGENESIS
TGF-β Signaling and Platelet-Derived Growth Factor Signaling
Transforming growth factors (TGF) have the function of regulating the growth and development of various cells, which are essential for the homeostasis of tissues and organs. In the liver, they are mainly produced by HSCs, LSECs, KCs, and DCs as well as NKT cells, and can act on themselves or other cells through autocrine or paracrine secretion (Schon and Weiskirchen, 2014). The functions of TGF-β vary between different types and stages of liver disease. During liver fibrosis, TGF-β is up-regulated, the main function of TGF-β is to activate HSCs, which are considered to be the main pro-fibrotic factor in the process of liver fibrosis. It also enhances the expression of TIMPs and directly promotes the synthesis of interstitial fibrillar collagens (García-Trevijano et al., 1999; Hellerbrand et al., 1999; Dewidar et al., 2019). Due to its important function in liver fibrosis, blocking the signaling pathway of TGF-β is now a potential target for the treatment of liver fibrosis (Guo et al., 2012).
The platelet-derived growth factor (PDGF) is a member of the family of growth factors whose biological functions include angiogenesis, regulation of cell proliferation and survival, cell migration, and stimulation of the synthesis of major components of the connective tissue matrix (Heldin and Westermark, 1999). In the context of liver disease, the expression of PDGF and its receptors have now been shown to be significantly upregulated (Pinzani et al., 1996). It has been regarded as the most effective growth factor for HSC proliferation in hepatic fibrosis, and the receptors of PDGF have become a new promising direction in the treatment of liver fibrosis (Pinzani et al., 1989; Borkham-Kamphorst et al., 2007).
Inflammatory Cytokines Pathways
The progression and regression of liver fibrosis are regulated by a complex signaling pathway consisting of cytokines, growth factors, and chemokines. IL-6, TNF-a, Interleukins, PDGF, and TGF-β are the key pro-inflammatory and profibrogenic cytokines that drive liver fibrosis. Interleukins (ILs) are important immunomodulatory cytokines. During liver injury, it is produced by various cell types and exerts pro-inflammatory (such as IL-13, IL-17, and IL-33) as well as anti-inflammatory effects (such as IL-22 and IL-10) in hepatic cells (Hu et al., 2016; Xu et al., 2016; Liu et al., 2019). For instance, An animal study has shown that the IL-6/gp130 pathway plays a protective role for non-parenchymal hepatocytes in the progression of fibrosis (Streetz et al., 2003). But a recent study has demonstrated that IL-6 can induce differentiation of HSCs towards myofibroblast via MAPK and JAK/STAT signaling pathways (Kagan et al., 2017). In addition, IL-22 has been shown to attenuate liver fibrosis by binding to cell receptors, attenuating the activation of HSCs and down-regulating levels of inflammatory cytokines (Lu et al., 2015). This suggests that a strategy using blocking pro-inflammatory interleukins or inducing anti-inflammatory interleukin production to treat liver fibrosis can be effective.
Tumour necrosis factor (TNF) and related receptor pathways can activate apoptosis in hepatocytes via the caspases pathway and exert anti-apoptotic effects via the NF-κB pathway (Osawa et al., 2018). TNF also plays a vital role in the activation of HSCs and the synthesis of ECM (Osawa et al., 2013). TNF reduces apoptosis of activated rat HSCs through upregulation of the anti-apoptotic factor NF-κB. However, the effects of TNF-α on HSCs and fibrosis are multiple. In animal experiments, it has shown an anti-fibrotic effect by reducing glutathione and inhibiting the secretion of pro-collagen α1 (Hernandez-Munoz et al., 1997; Varela-Rey et al., 2007).
Toll-Like Receptors in Liver Fibrosis
The liver is exposed to venous blood from the small and large intestines through the portal vein. Due to this unique blood supply system, the liver is easily exposed to bacterial products that are transferred from the lumen of the intestine via the portal vein. The small and large intestines are rich in flora. In healthy organisms, due to the barrier effect of the intestinal mucosa, only a small amount of translocated bacterial products reach the liver, and the liver immune system tolerates these bacterial products to avoid harmful reactions. After the injury to the liver or the intestinal mucosa, the flora becomes disturbed, and intestinal bacteria can translocate to the liver. Its metabolites such as lipopolysaccharide (LPS) can conjugate with functional toll-like receptor 4 (TLR4) to activate reactive cells such as HSCs and Kupffer cells, and also enhance the activity of transforming growth factors thus leading to the development of liver fibrosis (Seki et al., 2007; Schnabl and Brenner, 2014). In the liver, both hepatocytes and non-parenchymal cells (NPCs) have expressed TLR4. Compared to other organs, healthy livers have a low level of TLR4. However, damaged livers increase the expression of TLR4 and its co-receptors, thus making TLR4 signaling-mediated inflammatory responses more sensitive (Kitazawa et al., 2008; Guo and Friedman, 2010).
POTENTIALLY EFFECTIVE TREATMENTS FOR LIVER FIBROSIS
Recently, it has been shown that fibrosis can reverse after the removal of pathogenic conditions. Although no drugs are currently approved for the treatment of liver fibrosis, some treatment modalities have shown effectiveness in patients, such as antiviral therapy for patients with viral hepatitis, zinc for wilson’s disease, phlebotomy for hemochromatosis, alcohol withdrawal for alcoholic liver disease and ursodeoxycholic acid (UDCA) in the treatment of primary biliary cholangitis (Powell and Klatskin, 1968; Marcellini et al., 2005; Takahashi et al., 2014; Bardou-Jacquet et al., 2020; Ye et al., 2020). glucocorticoids, vitamin E, and angiotensin receptor antagonists have gradually been shown to have antifibrotic effects as well. In addition, TCM appears to have an increasingly prominent role in the treatment of liver fibrosis and its efficacy is promising (Fujiwara et al., 2010; He et al., 2013), but more clinical trials are needed to confirm its effectiveness. In the following, we will describe these potential treatments in detail below (Table 1).
TABLE 1 | Targets and main mechanisms of some of existing anti-fibrotic drugs and novel therapeutic approaches.
[image: Table 1]Antiviral Therapy
Among all the factors that contribute to chronic liver disease, hepatitis virus infection is the most common, primarily hepatitis B and C. Chronic hepatitis B virus infection is a worldwide public health problem, with approximately 250 million people chronically infected and at high risk of developing cirrhosis and liver cancer. When liver cells are infected with the virus, cellular damage induces an inflammatory response, at the same time the virus itself can directly induce activation of the immune system, leading to activation of HSCs and progress to liver fibrosis. Clearing hepatitis viruses or inhibiting hepatitis virus replication is the most effective way to reduce liver cell damage. With the advent of antiviral drugs, we have now made considerable progress in the fight against the hepatitis B and C virus. Through effective antiviral therapy, most liver fibrosis can be reversed, and liver cirrhosis and its related complications can be reduced (Rockey, 2016; Lens et al., 2017; Tada et al., 2018).
Drugs Targeting Inflammation
Glucocorticoids have immunomodulatory and anti-inflammatory effects. As we mentioned earlier, the inflammatory response and immune cells play critical roles in the process of liver fibrosis. Thus glucocorticoids may have some therapeutic effects in liver fibrosis. It has been shown that glucocorticoids can reduce liver fibrosis by reducing the transmission of transforming growth factors, weakening the activity of HSCs, and inhibiting the proliferate of lymphocytes, but the efficacy of glucocorticoids differently in different diseases (Bolkenius et al., 2004; Czaja, 2014). Glucocorticoids or immunosuppressive agents are the most significant treatment options for chronic autoimmune liver disease, and liver fibrosis can be reversed with adequate management (Valera et al., 2011). Early glucocorticoid treatment is effective for prognosis in hepatitis and liver failure due to viral hepatitis B (Fujiwara et al., 2010; He et al., 2013). Nevertheless, the use of corticosteroids for alcohol-related acute liver failure or slow-onset acute liver failure is still controversial in clinical practice, although the AASLD and EASL guidelines recommend treatment with corticosteroids. Studies have shown that the use of glucocorticoids improves short-term survival but does not significantly improve long-term prognosis and carries risks such as infection (Thursz et al., 2015; Sersté et al., 2018; Gustot and Jalan, 2019). Similarly, the use of glucocorticoids to treat a drug-induced liver injury is also in dispute (Andrade et al., 2019). Consequently, there is still a need for extensive trials and data to evaluate the safety and efficacy of glucocorticoids in liver disease.
Traditional Chinese Medicine With Multiple Effects on Liver Fibrosis
Notably, there is growing evidence that TCM is effective in the prevention and treatment of liver fibrosis (Pan et al., 2020). TCM can suppress liver fibrosis activity through different mechanisms, including inhibition of cytokine production and suppression of HSCs activation, as well as regulating the progression of liver fibrosis through other molecular mechanisms (Shan et al., 2019). Turmeric is an herb that grows in Asia and has been widely used as a spice in food and for therapeutic applications. In China, it is also an ingredient in TCM and recently its extract curcumin has received much attention. Curcumin has been widely used in anti-fibrotic models due to its anti-inflammatory and antioxidant effects. It has been shown to alleviate liver fibrosis by blocking the epithelial-mesenchymal transition of hepatocytes through the regulation of oxidative stress and autophagy (Cai et al., 2018; Cai et al., 2019), and to weaken the role of Ly6Chi cells in liver fibrosis by inhibiting the activation of Kuffer cells, thereby reducing the secretion of chemokines (Cai et al., 2018; Cai et al., 2019). In addition, it also has the effect of inhibiting NF-κB upregulation and reducing sinusoidal angiogenesis (Cai et al., 2018; Cai et al., 2019). More research is underway on the mechanism of curcumin against liver fibrosis.
YCHD (Yinchenhao Decoction) is a traditional Chinese herbal formulation used to treat liver fibrosis and has been experimentally shown to have multiple active ingredients targeting various targets of liver fibrosis (Cai et al., 2018; Cai et al., 2019). Recent studies have indicated RAS system in liver fibrosis/cirrhosis may exert pro-fibrotic effects, and the antifibrotic effects of the YCHD fibrosis effect may be related to the reduction of RAS pathway components and down-regulation of TGF expression (Bataller et al., 2000; Yoshiji et al., 2007). XCHT (Xiaochaihutang) is a water decoction traditionally used in china for the treatment of liver diseases, and the mechanism for its anti-fibrosis is not completely clear. Nrf2 is an important redox-sensitive transcription factor in vivo, which can promote cell survival, as well as maintain the redox state of cells. Animal experiments have shown that XCHT is an effective drug for the treatment of liver fibrosis, and its therapeutic effect is mainly through upregulation of the Nrf2 pathway thus resulting in the inhibition of HSCs activation (Bataller et al., 2000; Yoshiji et al., 2007). In addition, baicalein, the main component of XCHT, can inhibit the activation and proliferation of HSCs by down-regulating PDGF receptors, thus exerting an anti-fibrotic effect (Bataller et al., 2000; Yoshiji et al., 2007). It has been reported that ETV combined with FFBJ (Fufang Biejia Ruangan Tablets) showed significant anti-fibrotic effects in CHB patients. The mechanism of action may be related to the inhibition of HSCs proliferation and activation, as well as limiting the expression of TGF-β1 and PDGF (Bataller et al., 2000; Yoshiji et al., 2007).
Similar TCMs also include Huangqi Decoction Dahuang Zhechong Pills, Fuzheng Huayu Formula, Anluo Huaxian Pills (Li, 2020), etc. Although TCM has been used for thousands of years, its clinical effectiveness in liver fibrosis needs further evaluation due to the lack of rigorous randomized controlled trials.
Vitamin E and Renin-Angiotensin System Inhibitor
Vitamin E, angiotensin-converting enzyme inhibitors (ACE-I), and angiotensin II type 1 (AT1) receptor blockers have recently drawn attention to the treatment of liver fibrosis. Vitamin E is an important nutrient with antioxidant effects, it can inhibit the production of singlet free radicals, oxygen, lipid hydroperoxides, and lipid radicals. Since products such as free radicals play an important role in the development of liver fibrosis, it may be a potential option for the treatment of liver fibrosis. However, in patients with non-alcoholic liver disease, vitamin E could not significantly reduce the severity of fibrosis (Sanyal et al., 2010; Bril et al., 2019; Miyazawa et al., 2019).
Recent studies have also shown that the production of angiotensin II type 1 receptor is increased in activated HSCs and enhanced the activity of the renin-angiotensin system (RAS) in liver fibrosis/cirrhosis. Angiotensin II may exert its pro-fibrotic effects through increased oxidative stress, activation and proliferation of HSCs, upregulation of TGF-β and TIMP1, and accelerated deposition of collagen (Bataller et al., 2000; Yoshiji et al., 2007). Based on these mechanisms, ACE-I and AT1 receptor blockers are potential treatment options for liver fibrosis. A clinical study evaluating the efficacy of angiotensin II receptor blocker (ARB) losartan in patients with HCV showed that it can reduce inflammation and decrease fibrosis gene expression (Colmenero et al., 2009).In patients with chronic alcoholic liver diseases, the combination of UDCA and ARB candesartan improved patients’ fibrosis scores compared to UDCA treatment alone (Kim et al., 2012). However, as no clear effects have been shown in other clinical trials, further studies are needed to demonstrate the benefit of RAS antagonists in liver fibrosis.
CANDIDATE THERAPEUTIC TARGETS IN CLINICAL TRIALS
There are no directly effective anti-fibrotic drugs in clinical practice and most of them are still in clinical trials and in the research stage. Although etiological treatment has proven to be effective, some etiologies cannot be eliminated. In addition, even with effective etiological treatment, reversal of advanced liver fibrosis cannot completely avoid complications such as gastrointestinal bleeding and HCC, so we urgently need direct anti-fibrotic drugs.
The main pathogenesis of liver fibrosis can be summarized as follows: Following the chronic injury to hepatocytes, the multitude of cellular and cytokine interactions lead to the activation of key cells such as HSCs and MFs, which in turn leads to the overproduction of ECM and the development of liver fibrosis (Parola and Pinzani, 2019; Kisseleva and Brenner, 2021). Based on the pathogenesis of liver fibrosis, the drugs we are exploring focus on the following aspects: protecting hepatocytes from damage, inhibiting cytokine activity and cell proliferation, promoting apoptosis of key cells, reducing ECM synthesis, and promoting its degradation. Many relevant drugs are already in clinical trials, including FXR agonists, PPAR agonists, and TAK agonists, which inhibit hepatic stellate cell activation and promote ECM degradation, TLR4 receptor antagonists, and novel therapeutic approaches such as miRNA and mesenchymal stem cell therapy. Below we describe in detail the novel treatments and drugs according to the different targets (Table 1).
Inhibition and Reversal of the Activation of Hepatic Stellate Cells
Because of its important role in liver fibrosis, HSCs become a major target for anti-fibrotic drugs (Elpek, 2014). Reversing liver fibrosis by converting activated HSCs to a quiescent state or promoting their apoptosis is our main goal. Experimental models of fibrosis consistently demonstrate that elimination of activated HSCs by apoptosis or other pathways can lead to regression of fibrosis (Iredale et al., 1998; Troeger et al., 2012). Recent studies have shown that activated HSCs can be transformed into non-fibrotic cells by transcriptional reprogramming, such as ectopic expression of GATA4, FOXA3, HNF1a, and HNF4a in vivo (Song et al., 2016). Besides, cellular senescence may be an anti-fibrotic strategy. Expression of nuclear receptors PPAR and FXR in HSCs suppress HSCs activation, as studies have shown that HSC senescence can be invoked by PPARγ, FXR agonist, such as GW570 (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015), pioglitazone (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015), obeticholic acid (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015), thereby alleviating liver fibrosis degree. TK (Tyrosine kinase) is expressed in HSCs and its activation transforms them into an activated state, thus inhibition of TK may be a potential target for the treatment of liver fibrosis. Sorafenib has been used as a treatment for patients with HCC, where complications of cirrhosis (such as portal hypertension) have been reduced, and its anti-fibrotic activity has been confirmed in numerous trials (Ma et al., 2017). Nilotinib triggers apoptosis and autophagic cell death via inhibition of histone deacetylase in activated HSC cells (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015). Unfortunately, most of these drugs are in animal studies and are not yet available for clinical use, their safety and efficacy deserve to be evaluated.
Reduction of Fibrotic Scar Evolution
The removal of the excess ECM is one of our goals for treating liver fibrosis. Collagen is the most abundant ECM protein in liver fibrosis. Specific inhibition of type 1 collagen fibrils synthesis has now been achieved in animals by miRNA, and this miRNA leads to a significant reduction in collagen 1 synthesis in fibrosis models (Jiménez Calvente et al., 2015). Besides, LOX is a copper-dependent amine oxidase (Perepelyuk et al., 2013), and LOX-mediated cross-linking of collagen limits MMP degradation of ECM. The β-aminopropionitrile inhibits LOX, reduces liver stiffness, decreases the number of fibroblasts, and attenuates cell injury-induced liver fibrosis (Georges et al., 2007). However, the clinical trial did not demonstrate significant efficacy (Loomba et al., 2018). Similar to LOX, transglutaminase (TGs) forms a covalent isopeptide bond by covalently linking a glutamine residue of one protein chain to a lysine residue of another protein chain. Intercross-linking of TGs can promote liver fibrosis, and therefore invoking specific inhibitors of TGs could be a potential target for the treatment of liver fibrosis (Van Herck et al., 2010).
Drugs Targeting Cytokines and Signaling Pathways
Cytokines are involved in the entire process of liver fibrosis, blocking their signaling pathways, and receptors may inhibit the production of the ECM and accelerate its degradation. Cenicriviroc (CVC), an oral dual antagonist of the CCR type 2 and 5, has been shown to have antifibrotic effects in animal studies. A clinical trial has shown amelioration of liver fibrosis in patients with nonalcoholic steatohepatitis (NASH) after 1 year of treatment with CVC (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015), and further clinical trials on CVC are currently underway, and we hope that it will become an anti-fibrotic option in the future. The Janus kinases (JAK) signaling pathway plays an important role in the pathogenesis of hepatic fibrosis and can be activated by a variety of cytokines such as IL. Studies have shown that the use of the JAK2 receptor antagonist TG101348 can reduce hepatic fibrosis in animal models (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015). However, cytokine function is also important for maintaining the immune response, tissue repair, etc. Long-term targeting of these cytokines is challenging due to the severe adverse effects. A great deal of research has been done on cytokine antagonism (Gressner and Weiskirchen, 2006).
Drugs Targeting TLR4
As we mentioned earlier that intestinal microbiota is closely associated with the development of liver fibrosis. the main mechanism by which liver fibrosis occurs, in this case, is the combination of the bacterial metabolites LPS and TLR4, further activating key cells in the liver fibrosis process. Therefore, inhibition of TLR4-related intracellular signaling may be effective in reducing TLR4-mediated inflammation and inhibiting liver fibrosis (Beutler, 2004). It was shown that a peptide called P13, which was previously shown to be a potent inhibitor of TLR signaling in vitro. Using this peptide to treat mice effectively inhibited LPS-induced inflammatory mediator production and significantly limited liver damage, enhancing survival in a mouse model of inflammation (Tsung et al., 2007). Several small-molecule inhibitors of TLR4 are currently being tested, including lipid A mimetics, e.g., E5564 and CRX526 (Fort et al., 2005; Kitazawa et al., 2009; Takashima et al., 2009), soluble fusion proteins with extracellular structural domains. However, these are still in animal studies and may become targets for anti-fibrotic drugs in the future.
siRNA and miRNA in Liver Fibrosis
Liver fibrosis is highly related to activated HSCs, and the activation of HSCs is regulated by a variety of cytokines. Downregulation of these cytokines in activated HSCs using RNA interference (RNAi) is a promising strategy for reversing liver fibrosis. RNA interference is a new technique that uses small interfering RNAs (siRNAs) of 21–23 nucleotides to specifically knock out target genes, and this new technique is based on the high specificity of siRNAs and their ability to downregulate genes associated with liver fibrosis (Kim and Rossi, 2007). Many therapies for siRNA are currently in clinical trials to translocate siRNA into HSC or other hepatic parenchymal cells, for example, lipid nanoparticles containing HSP47 siRNA for the treatment of liver fibrosis (Kulkarni et al., 2018). The main mechanism of siRNA action is to cause homologous degradation of the targeted mRNA (Aagaard and Rossi, 2007). It has been shown that siRNA can address liver fibrosis by regulating collagen expression in HSC (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015). Meanwhile, it has been reported that direct knockdown of TGF-β expression using siRNA can exert antifibrotic effects in a rat model (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015). Similarly, the use of PDGF siRNA suppressed the advancement of liver fibrosis in mice (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015). Besides, MMP2-specific siRNA and TIMP-specific siRNAs also exert an anti-fibrotic effect on the liver (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015).
MiRNAs are endogenous small non-coding RNAs that can post-transcriptionally regulate the expression of mRNAs and ultimately trigger the degradation of target mRNAs. miRNAs are associated with a variety of liver diseases, including liver fibrosis, and therefore miRNAs are an alternative treatment for liver fibrosis. It has been found that miRNAs can be both up and down-regulated during liver fibrosis. Up-regulated miRNA can be reverted by anti-miRNA oligonucleotides, and miRNA masking (Krützfeldt et al., 2005; Janssen et al., 2013; Thakral and Ghoshal, 2015), unlike the upregulated miRNA, some downregulation of miRNA inhibiting liver fibrosis has been found (Chen et al., 2018; Wang et al., 2019), down-regulated MiRNA can be restored by MiRNA mimics or plasmids expressing miRNA (Cheng and Mahato, 2011). Similar to siRNAs, the biggest challenge for miRNAs is to overcome degradation and targeted transport in the blood. To date, there are no clinical trials on MiRNA about the treatment of liver fibrosis. A lot of effort has been spent on siRNA with MiRNA and viral and non-viral transport systems have been developed, which also still face significant challenges. There are already anti-fibrotic siRNAs in clinical trials, and in the future siRNA with miRNA may become a novel treatment for liver disease.
Mesenchymal Stem Cell Therapy for Liver Fibrosis
Recently, MSC therapy has been regarded as an effective alternative for the treatment of liver disease. MSCs possess the ability to self-renew and differentiate into many types of cells, and differentiation of MSCs into hepatocytes is the prospect of liver regeneration (Hu et al., 2020). The main mechanisms of the anti-fibrotic effects of MSCs can be generalized as follows, modulation of the hepatic immune response, secretion of trophic cytokines to reduce hepatocyte apoptosis, antioxidant effects, inhibition of HSC proliferation, and increased expression of MMPs or reduced expression of TIMP-1 (Hernandez-Munoz et al., 1997; Varela-Rey et al., 2007). Mesenchymal stem cells are now widely used in clinical and preclinical studies of liver fibrosis, Jang and others showed the beneficial effects of autologous bone marrow MSC transplantation for the treatment of alcoholic cirrhosis (Jang et al., 2014), Kharaziha et al. (2009) showed that liver function improved in patients with cirrhosis after injected autologous mesenchymal stem cells. However, due to their multi-differentiation potential, MSCs can differentiate into myofibroblasts rather than hepatocytes (Baertschiger et al., 2009; di Bonzo et al., 2008). Besides, another risk of MSC transplantation is that they are susceptible to malignant transformation and promote the growth of existing tumors (Zhu et al., 2006). MSCs have the potential to differentiate into hepatocytes, immunomodulatory properties, and the ability to secrete trophic cytokines, making them a potential treatment for liver disease. however, with both their fibrotic potential and their ability to promote the growth of pre-existing tumor cells, MSC therapy needs to be evaluated further.
CONCLUSION
Recently, with our greater understanding of the mechanisms of liver fibrosis, a plethora of therapeutic strategies have been generated. but the treatment of liver fibrosis remains a difficult clinical problem that we face today and etiological treatment is currently recognized as the most effective anti-fibrotic approach. Multiple interactions between ECM, hepatic stellate, endothelial cells, and immune cells have been demonstrated during liver fibrosis, but the central event in fibrosis is the activation of HSCs. Due to multiple cells and cytokines being involved in the progression of liver fibrosis, it is crucial for us to fully understand the biology of critical cells such as HSCs, myofibroblasts, and macrophages, including their activation and inactivation, to facilitate the development of specific targeted drugs. In addition, the inflammatory response is one of the fundamental features of liver fibrosis, so controlling liver inflammation and inflammatory cells is also a viable strategy for treating liver fibrosis. Besides, novel therapies targeting intestinal microecology, mRNA, and mesenchymal stem cells are also becoming available for clinical trials, and several drugs have been successful in regressing liver fibrosis in experimental models.
A growing number of potential drugs are in phase II and III trials, and we expect that some of these drugs may soon be approved for use in patients. These new drugs target multiple pathways in the pathogenesis of chronic liver disease, but the mechanisms of liver fibrosis are complex. With certain cells having a dual role in the development and regression of liver fibrosis, and targeted therapies may have some side effects. Therefore we must understand the mechanisms more clearly so that we can establish scientific treatments that are safe and effective in achieving long-term results. In the future, a better understanding of the molecular mechanisms involved in the regression of liver fibrosis may provide new preventive and therapeutic strategies for patients with fibrosis and even cirrhosis.
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Pulmonary fibrosis (PF) is a clinically common disease caused by many factors, which will lead to lung function decline and even respiratory failure. Jingyin granule has been confirmed to have anti-inflammatory and antiviral effects by former studies, and has been recommended for combating H1N1 influenza A virus (H1N1) infection and Coronavirus disease 2019 (COVID-19) in China. At present, studies have shown that patients with severe COVID-19 infection developed lung fibrotic lesions. Although Jingyin granule can improve symptoms in COVID-19 patients, no study has yet reported whether it can attenuate the process of PF. Here, we explored the underlying mechanism of Jingyin granule against PF by network pharmacology combined with in vitro experimental validation. In the present study, the active ingredients as well as the corresponding action targets of Jingyin granule were firstly collected by TCMSP and literature data, and the disease target genes of PF were retrieved by disease database. Then, the common targets were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, and then a PPI network and an ingredient–target network were constructed. Next, UPLC-MS was used to isolate and identify selected representative components in Jingyin granule. Finally, LPS was used to induce the A549 cell fibrosis model to verify the anti-PF effect of Jingyin granule in vitro. Our results indicated that STAT3, JUN, RELA, MAPK3, TNF, MAPK1, IL-6, and AKT1 were core targets of action and bound with good affinity to selected components, and Jingyin granule may alleviate PF progression by Janus kinase 2/signal transducers and activators of transcription (JAK2/STAT3), the mammalian nuclear factor-κB (NF-κB), the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), tumor necrosis factor (TNF), and the extracellular signal-regulated kinases 1 and 2 (ERK1/2) signaling pathways. Overall, these results provide future therapeutic strategies into the mechanism study of Jingyin granule on PF.
Keywords: pulmonary fibrosis, Jingyin granule, molecular mechanism, UPLC-MS, network pharmacology, signaling pathway analysis
HIGHLIGHTS

1. Jingyin granule has a potential anti-pulmonary fibrosis effect.
2. The representative active components of Jingyin granule may include arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid.
3. The UPLC-MS method was used to identify arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid in Jingyin granule.
4. Jingyin granule inhibited the expression of AKT1, JAK2, MAPK1, MAPK3, RELA, PI3K, STAT3, TNF, etc.
5. Jingyin granule may mediate pulmonary fibrosis through JAK2/STAT3, NF-κB, PI3K-AKT, TNF, and ERK1/2 signal pathways.
INTRODUCTION
Fibrosis, which may occur in any organ, is the outcome of dysregulated tissue repair responses to multiple types of tissue injury, particularly during chronic inflammatory disease processes. Pulmonary fibrosis (PF) is an excessive reparative response to tissue injury characterized by spontaneous, progressive scarring of the lungs in the absence of infectious or autoimmune etiologies (Cui et al., 2020). During the development of PF, fibroblast proliferation and extracellular matrix massive aggregation were accompanied by epithelial cell inflammation injury, and the injury site was gradually replaced by fibrous connective tissue to form fibrotic foci. As a fatal malignant disease of the lung, idiopathic pulmonary fibrosis (IPF) has an unknown etiology, a very poor prognosis, and a very high mortality rate, even worse than several cancers, and lung transplantation is the only curative treatment (Vancheri et al., 2010). Europe and North America have a higher incidence with 3–9 new cases per 100,000 per year, whereas Asia and South America report a lower incidence with approximately half a million new cases per year in China (Hutchinson et al., 2015). The incidence of IPF is high in the elderly, and the condition gradually deteriorates with age, and importantly, the survival rate varies greatly among different patients (Kim et al., 2015), with a median survival of 3–5 years following diagnosis (Raghu et al., 2018), and a 3-year survival rate of only 50% (Cui et al., 2020).
Halting IPF progression and curing remain a challenge, though some drugs are able to produce a significant reduction in lung function decline. Based on safety and efficacy in clinical trials, pirfenidone and nintedanib were approved for the treatment of IPF by the Food and Drug Administration (FDA) in 2014, a revolutionary act in conditionally recommending treatment in the 2015 ATS/ERS/JRS/ALAT guideline (Saito et al., 2019). However, the current drugs do not reverse the progression of fibrosis and are associated with side effects such as gastrointestinal intolerance and skin reactions (Guo et al., 2019). Currently, lung transplantation is the only available effective treatment strategy of IPF, but is subject to a limited donor organ supply and the wide variability in clinical course (Collard et al., 2016). Thus, the therapy emphasizes the urgent need to develop novel strategies for the prevention and more effective treatment of this refractory respiratory disease.
Since patients with PF mainly present with progressive dyspnea, cough spitting saliva, chest pain, vomiting, dry mouth, shortness of breath, etc., traditional Chinese medicine (TCM) has summarized it as “lung impediment” or “lung wilting” and the earliest descriptions date back to The Yellow Emperor’s Inner Canon (first century C), the earliest Chinese medical book. It has been generally accepted that PF is mainly caused by the following key pathogenic factors: six-excess external contraction (Wai gan liu yin), internal damage by the seven affects (Nei shang qi qing), qi deficiency (Qi xu), phlegm-stasis (Tan yu), and blood-stasis (Xue yu). Based on pattern identification as the basis for treatment determination, combined with the application of invigorating the blood circulation and transforming phlegm (Huo xue hua tan), supporting and restoring the normal function (Fu zheng gu ben), and so on, TCM treatment of IPF has obvious advantages in improving symptoms and delaying progression.
Jingyin granule is modified from ancient formula Yinqiao Powder, mainly composed of nine herbs [Nepeta cataria Linn. (Jingjie), Lonicera japonica Thunb. (Jingyinhua), Euonymus japonicus Thunb. (Sijiqing), Houttuynia cordata Thunb. (Yuxingcao), Indigofera tinctoria Linn. (Daqingye), Taraxacum mongolicum Hand. (Pugongying), Arctium lappa L. (Niubangzi), Saposhnikovia divaricata (Trucz.) Schischk. (Fangfeng), and Glycyrrhiza uralensis Fisch. (Gancao)]. Subject to clinical judgment, it has detoxification, analgesic, and anti-inflammatory effects and have been used for pulmonary wind-heat cold, acute bronchitis, and acute pneumonia for more than 40 years. Guidance is provided on the pulmonary syndrome of mild wind-heat (aversion to cold with fever or no fever, red tongue with thin and yellow fur, sore pharynx, cough, scant sputum, etc.) of Coronavirus Disease 2019 (COVID-19) patients by Jingyin granule in “COVID-19 Chinese medicine treatment program (second trial edition) in Shanghai.” Jingyin granule has been recommended to the fourth Shanghai’s medical assistance team to Wuhan and with good clinical effect on COVID-19 in Raytheon Hospital, Wuhan, Hubei.
A network pharmacology study by Wang et al. identified that Jingyin granule could protect against COVID-19 through 88 target genes, among which NOS2, ADAM17, CDK4, MAPK14, and MAPK1 were the top GO-BP enrichment analysis genes (Wang et al., 2021). As indicated in the Guideline on Diagnosis and Treatment of COVID-19 (Trial Version 7th) that was officially issued by the National Health Commission of the People’s Republic of China, interstitial fibrosis of the lung might occur in patients with severe COVID-19 (Zhang et al., 2021). Autopsy on patients who died of COVID-19 also showed disrupted alveolar architecture and fibrosis of the pulmonary interstitium (Huang et al., 2020). Therefore, whether Jingyin granule could prevent PF is worth exploring. The underlying mechanisms should be further explored by pharmacological evaluation, and its potential for the prevention and treatment of PF also needs to be evaluated.
Network pharmacology was first proposed by the UK pharmacologist Andrew L. Hopkins in 2007 (Hopkins, 2007), which integrates several disciplines such as systems biology, network biology, computational biology, multi-target pharmacology, and molecular pharmacology. Network pharmacology is widely used in the research of Chinese medicines as some drugs’ potential targets for combating diseases are obtained by utilizing it. Current network pharmacology has made a pivotal contribution to the development of Chinese medicines in the prevention and treatment of PF diseases as well as in the COVID-19 outbreak (Jin et al., 2021).
This study aimed to observe the effects of Jingyin granule on an in vitro cell model of PF, determining the protein expression levels of Janus kinase 2/signal transducers and activators of transcription (JAK2/STAT3), the mammalian nuclear factor-κB (NF-κB), the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), tumor necrosis factor (TNF), and the extracellular signal-regulated kinases 1 and 2 (ERK1/2), and to investigate the anti-fibrotic mechanism in preventing PF.
METHODS
Main Candidate Active Ingredients and Targets of Jingyin Granule
The major components of Jingyin granule were obtained by public database screening and literature review. “Jingjie,” “Jinyinhua,” “Sijiqing,” “Yuxingcao,” “Daqingye,” “Niubangzi,” “Fangfeng,” and “Gancao” were respectively retrieved in TCMSP (Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform, http://tcmspw.com/tcmsp.php), and the active ingredients were selected. The active ingredients of Taraxacum mongolicum Hand. (Pugongying) were mainly summarized by searching relevant literatures. The chemical information of main active ingredients was traced back to PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The databases retrieved for potential therapeutic targets of Jingyin granule are the following: TCMSP, SEA (https://sea.bkslab.org/), HitPick (http://mips.helmholtz-muenchen.de/hitpick/), Swiss TargetPrediction (http://www.swisstargetprediction.ch/), and STITCH (http://stitch.embl.de/).
Collection of Pulmonary Fibrosis-Related Targets
The human target genes related to PF were searched from DisGeNET (https://www.disgenet.org/), GeneCards (https://www.genecards.org/), and OMIM (https://www.omim.org/) potential Disease Targets analysis platforms. After data deduplication/integration, intersecting genes were obtained and considered as therapeutic targets relevant to PF. Drug and corresponding target data that have been validated for the treatment of PF were obtained from DrugBank (https://go.drugbank.com/) and TTD (http://db.idrblab.net/ttd/) database.
Drug-Target-Disease Network Construction
The predicted action targets of the compounds in Jingyin granule and PF-related disease targets were imported into the Venn online tool (http://www.bioinformatics.com.cn/) to obtain the common targets and Venn diagram. Then, the intersection targets were confirmed by UniProt (https://www.uniprot.org), and Cytoscape software was used to construct a lung fibrosis target network of the main component actions of Jingyin granule.
Construction of Protein–Protein Interaction Network
To evaluate the importance of the intersection targets, these targets were imported into the STRING database (https://string-db.org/) and Cytoscape software to construct and analyze the PPI network of potential PF targets. The core targets in the PPI network were identified.
Functional Enrichment Analysis of Shared Targets
To explore the biological process of Jingyin granule attenuating PF, the screened 109 targets were subjected to gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using the clusterProfiler package based on R language with p < 0.05, q < 0.05 of filtering thresholds.
Molecular Docking of Bioactive Components
To verify the binding ability of key components with key targets and explore their accurate binding modes, molecular docking simulation is usually used with the PDB database (http://www.rcsb.org/), PyMOL (2.0) software (http://www.pymol.org/2/), and AutoDock Vina software (http://vina.scripps.edu/). We selected representative targets as receptors in the PPI network and used the representative therapeutic ingredients as the ligand of molecular docking.
Experiment Validation
Materials and Methods
Chemicals and Instruments
Arctigenin (CAS: 7770-78-7, MW: 372.41, purity ≥98%), quercetin (CAS: 117-39-5, MW: 302.24, purity ≥97%), luteolin (CAS: 491-70-3, MW: 286.24, purity ≥98%), kaempferol (CAS: 520-18-3, MW: 286.24, purity ≥98%), rutin (CAS: 153-18-4, MW: 610.52, purity ≥98%), gallic acid (CAS: 149-91-7, MW: 170.12, purity ≥98%), and chlorogenic acid (CAS: 327-97-9, MW: 354.31, purity ≥98%) were purchased from Shanghai Yuanye Bio-technology Co. Ltd. (Shanghai, China). A Waters Acquity UPLC coupled with a Xevo G2-XS Q-TOF quadrupole mass spectrometer was used (Waters Co., Milford, MA, United States).
UPLC Analysis
The Jingyin granule (2 g, lot# 200302) was dissolved with methanol and vortex mixed for 15 s. The solution was in an ultrasonic water for 30 min. Then, the solution was centrifuged at 12,000 rpm for 10 min, and the supernatant was fixed to 25 ml with methanol. Aliquot (1 μl) was injected into UHPLC-MS for analysis. All separations of Jingyin granule were performed using a Waters Acquity UPLC T3-C18 column (100 × 2.1 mm, 1.7 μm, Waters Co., Milford, MA). The flow rate was 0.2 ml/min, and the column temperature was 40°C. The mobile phase was 0.1% formic acid water (phase A) and methanol (phase B) with gradient elution, and the elution program was: 0–4 min, 90%–75%A; 4–8 min, 75%–75%A; 8–13 min, 75%–40%A; 13–18 min, 40%–25%A; 18–20 min, 25%–2%A; 20–21 min, 2%–90%A; 21–23 min, 90%–90%A.
Mass spectrometric analysis was performed by both positive and negative ion modes, sensitivity mode (resolution: 30,000). Capillary voltage: 3.0 kV; sample cone voltage: 40 V; source offset voltage: 80 V; source temperature: 120°C; desolvation temperature: 450°C; cone gas: 50 L/h; desolvation gas: 800 L/h; nebulizer pressure: 6.0 bar; mass number correction range: m/z 50‒800; correction solution: 0.5 mM sodium formate solution; flow rate: 10 μl/min; real-time correction lock spray: 1 ng/UL leucine enkephalin solution, m/z 556.2771. Data acquisition was performed using MSE, data types were continuous, energy range was 25–35 V, and scanning time was 0.2 s.
Cell Culture
A549 cells were purchased from the Cell Bank of Chinese Academy of Sciences and cultured at 37°C in a humidified atmosphere of 5% CO2 and 95% air and in sterile DMEM-H supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/ml penicillin, and 100 ng/ml streptomycin. Cells were seeded in 6-well plates and cultured for 24 h at 37°C. When the A549 cells reached 70%–80% confluence, the culture medium of the cells was replaced with DMEM-H supplemented with 1% fetal bovine serum, 100 U/ml penicillin, and 100 ng/ml streptomycin for 12 h. After that, the cell culture medium was replaced with DMEM-H supplemented with 2% fetal bovine serum, and then treated with 10 μg/ml LPS (from Escherichia coli 0111: B4, Sigma-Aldrich, St. Louis, MO, USA) and arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid alone or in combination for up to 24 h, respectively.
Western Blot Analysis
For Western blot analysis, cell lysate was added after the cells were washed three times by PBS. The isolated proteins were quantified and separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (10%), transferred onto a PVDF membrane, and blocked with 5% BSA. After blocking, the proteins were incubated with antibodies overnight at 4°C with primary antibody β-actin (1:3,000, Affinity, USA), Phospho-AKT (1:1,000, Proteintech, USA), AKT (1:1,000, CST, USA), JAK2 (1:1,000, CST, USA), Phospho-JAK2 (1:1,000, CST, USA), p44/42 MAPK (ERK1/2) (1:1,000, CST, USA), Phospho-p44/42 MAPK (ERK1/2) (1:1,000, CST, USA), STAT3 (1:1,000, CST, USA), Phospho-STAT3 (1:1,000, CST, USA), NF-κB (1:1,000, CST, USA), Phospho-NF-κB (1:1,000, CST, USA), PI3K (1:1,000, CST, USA), Phospho-PI3K (1:1,000, CST, USA), and TNF-α (1:1,000, CST, USA), followed by horseradish peroxidase (HRP)-linked anti-rabbit (1:2,000, CST, USA) or anti-mouse (1:2,000, CST, USA). The protein bands were analyzed by Tanon 4600SF (Tiangong Technology Co., Ltd., Shanghai, China) with chemiluminescence substrate.
Statistical Analysis
SPSS 25.0 software and GraphPad Prism 8.0.2 software were used for data analysis and processing, and the results were expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used for comparisons between groups. Values of p < 0.05 were considered statistically significant.
RESULTS
Based on the multi-component, multi-target, and multi-channel function of Chinese medicines, this study found the mechanism of the anti-PF effect of Jingyin granule, which provides a theoretical basis for Jingyin granule in the treatment of PF. This workflow is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of network pharmacology research on the mechanism of Jingyin granule in anti-pulmonary fibrosis.
Active Components and Predicted Therapeutic Targets Results of Jingyin Granule
A total of 126 major chemical constituents of Jingyin granule were obtained from TCMSP public databases combined with literature screening public databases (Figure 2). ADMET properties of seven of the active ingredients were evaluated using ACD/labs software and the SwissADME online system (http://www.swissadme.ch/), as shown in Table 1. The most relevant targets were selected based on the target information of each database, with TC > 0.4 in SEA, precision >50% in HitPick, the top 15 with the highest scoring value in swisstargetprediction, and stitch based on a score >0.4. A total of 272 potential targets were obtained.
[image: Figure 2]FIGURE 2 | One hundred twenty-six components in Jingyin granule.
TABLE 1 | Information on representative chemical constituents of Jingyin granule.
[image: Table 1]Collection of Disease Targets
PF-related targets were searched in DisGeNET, GeneCards, OMIM, DrugBank, and TTD databases. A total of 1,152 targets were obtained after merging and deleting duplicate values. As shown in Figure 3, 111 predicted targets were obtained after the Jingyin granule-related targets were mapped to PF-related targets using the Venn. The details of common target genes are shown in Table 2. The 111 targets of intersection were confirmed by UniProt database, and a lung fibrosis–target network of the main components acting on Jingyin granule was constructed by Cytoscape software (Figure 4).
[image: Figure 3]FIGURE 3 | Venn diagram of common targets of pulmonary fibrosis and Jingyin granule.
TABLE 2 | Shared hub targets between pulmonary fibrosis and Jingyin granule.
[image: Table 2][image: Figure 4]FIGURE 4 | Components–targets network of Jingyin granule against pulmonary fibrosis.
PPI Network Analysis Results
A predicted PPI relationship network about 111 predicted targets was constructed in STRING and visualized by Cytoscape (Figures 5A,B). The 35 genes in the PPI network have much higher network degree value, betweenness, and closeness centrality compared with the other genes (Figure 5C).
[image: Figure 5]FIGURE 5 | PPI network of potential pulmonary fibrosis targets acted by major components of Jingyin granule (A,B). The top 35 genes in the PPI network (C).
GO Analysis and KEGG Pathway Enrichment Analysis of Shared Targets
In order to clarify the biological mechanisms of Jingyin granule against PF, the enrichment analysis of GO and KEGG pathway on 111 targets were performed by the cluster Profiler package based on R language. The GO enrichment analysis annotated the function of key genes from three terms: biological processes (BP), cellular component (CC), and molecular function (MF). A total of 2,709 GO terms were obtained based on p-value, and the top 9 items of three parts were selected (Figure 6). The BP was related to cellular response to chemical stress (GO: 0062197), response to oxidative stress (GO: 0006979), response to lipopolysaccharide (GO: 0032496), response to molecule of bacterial origin (GO: 0002237), reactive oxygen species metabolic process (GO: 0072593), cellular response to oxidative stress (GO: 0034599), regulation of apoptotic signaling pathway (GO: 2001233), regulation of reactive oxygen species metabolic process (GO: 2000377), and response to reactive oxygen species (GO: 0000302). The MF was related to receptor ligand activity (GO: 0048018), signaling receptor activator activity (GO: 0030546), cytokine receptor binding (GO: 0005126), cytokine activity (GO: 0005125), DNA-binding transcription factor binding (GO: 0140297), phosphatase binding (GO: 0019902), RNA polymerase II-specific DNA-binding transcription factor binding (GO: 0061629), ubiquitin-like protein ligase binding (GO: 0044389), and protein phosphatase binding (GO: 0019903). The CC was related to membrane raft (GO: 0045121), membrane microdomain (GO: 0098857), membrane region (GO: 0098589), vesicle lumen (GO: 0031983), cytoplasmic vesicle lumen (GO: 0060205), secretory granule lumen (GO: 0034774), plasma membrane raft (GO: 0044853), caveola (GO: 0005901), and RNA polymerase II transcription regulator complex (GO: 0090575). A total of 177 KEGG pathways were obtained based on p-value, and the top 30 were selected, such as the AGE-RAGE signaling pathway (hsa04933), TNF signaling pathway (hsa04668), Toll-like receptor (TLR) signaling pathway (hsa04620), and PI3K-Akt signaling pathway (hsa04151) (Figure 7). Then, a Target Genes–Pathways Network was constructed to reveal the relationship between hub targets and pathways intuitively (Figure 8).
[image: Figure 6]FIGURE 6 | GO functional analysis of the shared targets of Jingyin granule and pulmonary fibrosis.
[image: Figure 7]FIGURE 7 | KEGG functional analysis of the shared targets of Jingyin granule and pulmonary fibrosis.
[image: Figure 8]FIGURE 8 | Target genes-pathways network of Jingyin granule.
The Molecular Docking of Representative Components and Core Target Proteins
Seven components were comprehensively selected on the basis of higher degree value in active ingredient–target network, higher content of components in lung, and higher content in Jingyin granule, respectively: arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid. The eight core target proteins (AKT1, JAK2, MAPK1, MAPK3, RELA, PI3K, STAT3, and TNF) with high degrees were selected as receptors. The selected compounds showed basically moderate binding potential to receptor proteins with good drug reference values (Figure 9A). The docking scores among them are shown in a heatmap (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) Molecular docking results of Jingyin granule components and selected targets. (B) The docking scores of Jingyin granule components and core targets.
UPLC-MS Analysis
As a rapid, intelligent, reliable, and accurate technique for identification of chemical constituents, UPLC-MS is widely used in the field of TCM. The UPLC-MS method was used to identify the key components previously selected in Jingyin granule, and the typical chromatograms are shown in Figure 10. These seven compounds were identified unambiguously by comparing their accurate masses and retention times with those of pure reference compounds. Molecular weights and details are as shown in Table 3.
[image: Figure 10]FIGURE 10 | Chromatograms of the seven compounds detected in Jingyin granule. (1: gallic acid, 2: chlorogenic acid, 3: rutin, 4: quercetin, 5: luteolin, 6: arctigenin, 7: kaempferol).
TABLE 3 | Results of qualitative validation for the seven compounds detected in Jingyin granule.
[image: Table 3]Experimental Demonstration In Vitro
Based on the results of the PPI network, active compounds–disease targets network, and literature data, seven components (arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid) and eight targets (AKT1, JAK2, MAPK1, MAPK3, RELA, PI3K, STAT3, and TNF) played crucial roles in anti-PF. To explore the effects of anti-PF, 50 μM quercetin, 200 μM arctigenin, 75 μM gallic acid, 400 μM chlorogenic acid, 50 μM kaempferol, 50 μM luteolin, and 40 μM rutin were used. As per the results obtained, the expression of AKT1, JAK2, MAPK1, MAPK3, RELA, PI3K, STAT3, and TNF was decreased significantly after drug intervention compared with that in the model group (p < 0.05 or p < 0.01) (Figures 11A–N).
[image: Figure 11]FIGURE 11 | Effects of quercetin, arctigenin, gallic acid, chlorogenic acid, kaempferol, luteolin, and rutin on the protein expression of AKT, p-AKT, JAK2, p-JAK2, p44/42 MAPK (ERK1/2), p-p44/42 MAPK (ERK1/2), NF-κB, p-NF-κB, PI3K, p-PI3K, STAT3, p-STAT3, and TNF-α of LPS-induced A549 cells (A–N). *p < 0.05, **p < 0.01, compared with the LPS group.
DISCUSSION
The lung has the remarkable ability to repair and recover in response to constant exposure to many injuries, through a cascade of finally synchronized biological processes (Martinez et al., 2017). However, repeated microinjury to alveolar epithelial tissues may result in loss of epithelial integrity and dysregulation of regeneration; excessive repair may predispose the individual to PF. Those external stressors of epithelial damage include environmental and occupational factors such as smoking, viral infections and peripheral lung traction injury, genetic risk, and certain comorbidities (Selman et al., 2001). IPF, as a specific form of chronic, progressive lung disease of unknown cause, is characterized by decline in lung function, worsening quality of life, and early mortality (Cottin et al., 2019), but all currently relevant drugs can only delay lung failure, not reverse the course of PF, and have unavoidable side effects.
Based on syndrome differentiation, IPF is treated through a staged, multi-level dialectical application, and more comprehensive ideas and methods are also being used by TCM, such as staging treatment, prescription treatment, collateral treatment, and acupuncture combined with internal and external treatment (Zhang et al., 2021). Either as monotherapy or in combination with standard Western medical treatment, Chinese medicines usually exert a wider action spectrum in managing the entire medical disorders by the effects of synergism and attenuation (Wang, 2013). Multiple studies have demonstrated that the active agents of single herbs and Chinese medicine formulas, in particular, the flavonoids, terpenes, and alkaloids, have significant therapeutic effects on IPF, the related mechanisms of which appear to involve the regulation of inflammation, oxidant stress, and pro-fibrotic signaling pathways, among others (Li and Kan, 2017).
Jingyin granule obtained new drug approval in China in 2009 as a prescription for anti-atypical pneumonia and is recommended as a reserve medication in Shanghai for the prevention and treatment of H1N1 infection and COVID-19. The prescription of Jingyin granule is complex with many ingredients, some of which have been proven to possess potential benefits in antifibrotic treatment. Miao et al. (2019) demonstrated the protective effects of the water extract of Lonicera japonica Thunb. from liver fibrosis in mice treated with carbon tetrachloride (CCl4), the mechanism of which was inhibition of hepatic stellate cells (HSCs) activation, liver oxidative stress injury, and the epithelial–mesenchymal transition (EMT) process. The current study found that H. cordata Thunb. aqueous extract had obvious antioxidant and protective effects on rats with bleomycin-induced PF (Ng et al., 2007). Our previous network pharmacology study of H. cordata Thunb. identified that it may act through multiple signaling pathways to alleviate PF (Zhu et al., 2021). Our in vivo experimental study also clarified that sodium houttuyfonate, an adduct compound of houttuynin and sodium bisulfite, may alleviate the degree of fibrosis in bleomycin-induced PF model mice through the transforming growth factor-β (TGF-β)/Smads pathway (Shen et al., 2021). Arctigenin, the main element of A. lappa L., has multiple anti-visceral fibrotic functions, such as reversing TGF-β1-induced renal tubular EMT-like changes (Li et al., 2015) and reversing the EMT process in alveolar type II cells in paraquat (PQ)-induced lung fibrosis by the Wnt3a/β-catenin pathway (Gao et al., 2020). In addition, glycyrrhizic acid has been reported to show antifibrosis outcomes in PF and liver fibrosis (Gao et al., 2015; Liang et al., 2015).
We screened out a total of 126 active compounds (after deduplication) from 9 kinds of medicinal herbs in Jingyin granule through TCMSP database and literature search, according to the ADME principle (setting OB ≥ 30 and DL ≥ 0.18) (Tsaioun et al., 2016). Their corresponding target genes were then retrieved through the database and intersected on PF-related disease targets, resulting in 111 common target genes. The KEGG pathway enrichment analysis revealed the 142 significant (p < 0.001) possible pathways against PF including AGE-RAGE, TNF, IL-17, TLR, PI3K/Akt, and MAPK signaling pathway. After that, a PPI predictive relationship network of 111 predicted targets was constructed and revealed the top 10 hub genes, namely, STAT3, JUN, RELA, TP53, MAPK3, TNF, MAPK1, HSP90AA1, IL6, and AKT1.
IL-6 is a proinflammatory factor that was found to be elevated in the serum of patients with fibrotic diseases (Le et al., 2014). STATs mainly function as transcription factors and have seven member families (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5b, and STAT6) that regulate several physiological life activities, such as anti-inflammation. STAT3 together with JAK2 and their phosphorylated forms have all been examined in fibrotic lungs from patients with IPF (Milara et al., 2018). The IL-6/STAT3 signaling axis has been shown to play essential roles in the development of inflammatory and fibrotic diseases (O'Donoghue et al., 2012). JAKs are triggered by the activation of members of the IL-6 family that mediates subsequent phosphorylation and activation of STAT3. IL-6-mediated JAK/STAT3 signaling plays a vital role in the airway remodeling of asthma, and its inhibition prevents airway inflammation and remodeling, and blocks Th2 and Th17 cell expansion in a murine asthma model (Gavino et al., 2016). JUN is a component of the AP1 family of transcription factors that coordinates the transcriptional regulation of a multitude of genes that are essential for many cellular processes, including differentiation, proliferation, and apoptosis. JUN is highly expressed in all major human fibrotic conditions and as a downstream gene of MAPK-signaling cascades (Wernig et al., 2017). It has been proved that Jun-mediated CD47 enhancer activation can be amplified by IL-6, resulting in increased CD47 protein expression and induction of profibrotic and immunosuppressive gene expression (Cui et al., 2020). P65-RelA is a subunit of the NF-κB family. NF-κB activation is generally considered central to the innate immune response and will lead to exacerbated chronic inflammation and further reduced lung function. MAPK3 (ERK1) and MAPK1 (ERK2), the earliest identified MAPK pathways, are involved in growth factor signaling and regulate various cellular processes including cell proliferation, differentiation, and apoptosis. ERK1/2 can be activated by the IL-6-type family cytokine (Heinrich et al., 2003). Galuppo et al. (2011) confirmed that inhibition of MEK and ERK1/2 by PD98059, a highly selective inhibitor of MAP/ERK kinase1 (MEK1) activation, reduces lung injury and inflammation in a mouse model of bleomycin-induced PF. Similarly, Madala et al. (2012) demonstrated that selective inhibition of MEK prevents progression of lung fibrosis in the TGF-α-induced model. However, current studies also found that ERK1/2 activation in epithelial and endothelial cells subsides, accompanying progression of fibrosis in IPF, and by the later stage of IPF when fibroblast differentiation predominates, inhibition of ERK1/2 may promote IPF progression instead (Yoshida et al., 2002; Lai et al., 2016). AKT1, also referred to as protein kinase B alpha, is one of the three members of the human AKT serine–threonine protein kinase family. It has been shown that p-AKT1 was increased 3-fold in alveolar macrophages of IPF patients compared with normal tissues, and an increase in p-AKT1 expression was also observed in macrophages isolated from the lungs of BLM injured mice (Larson-Casey et al., 2016). Overexpressed AKT1 can increase mitophagy to increase macrophage-derived TGF-β1 expression and apoptosis resistance, thereby promoting fibrosis progression in mice.
Evidence suggests that lipopolysaccharide (LPS), as one of the pathogens that induce acute lung injury, can increase reactive oxygen species (ROS) and TGF-β production and macrophage infiltration, thereby promoting alveolar epithelial mesenchymal transition (EMT) and lung fibrosis (Qiu et al., 2019; Ding et al., 2020).
In this study, arctigenin, quercetin, luteolin, kaempferol, rutin, gallic acid, and chlorogenic acid in Jingyin granule were used for a functional study due to more connected targets in the ingredient–target network and more distribution in lung tissue in a pharmacokinetic study. Firstly, Jingyin granule was analyzed by a simple and accurate HPLC method, UPLC-MS, for the simultaneous separation and identification of the seven ingredients for functional evaluation. Molecular docking indicated that the key components combined well with target proteins. In vitro cell experiments proved that the important ingredients, arctigenin and luteolin, inhibited the production of fibrosis in LPS-induced A549 cells by suppressing the JAK2/STAT3, NF-κB, PI3K-AKT, TNF, and ERK1/2 signaling pathways. Moreover, we are doing the in vivo experiment to provide more mechanism study for the anti-fibrosis effect of Jingyin granule.
CONCLUSION
tIn conclusion, our present study systematically analyzed the related targets and signaling pathways of Jingyin granule against PF and conducted an in vitro experiment and demonstrated that Jingyin granule obviously inhibited the activation of JAK2/STAT3, NF-κB, PI3K/AKT, TNF, and ERK1/2 signaling pathways in LPS-induced PF. This underlying mechanism we elucidated may become a theoretical basis for the use of Jingyin granule for the treatment of PF.
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Purpose

To unravel the oncogenic role of CDCA4 in different cancers from the perspective of tumor immunity.



Methods

Raw data on CDCA4 expression in tumor samples and paracancerous samples were obtained from TCGA and GTEX databases. In addition, we investigated pathological stages and the survival analysis of CDCA4 in pan-cancer across Gene Expression Profiling Interactive Analysis (GEPIA) database. Cox Proportional Hazards Model shows that high CDCA4 levels are associated with several vital indicators in oncology. On the one hand, we explored the correlation between CADA4 expression and tumor immune infiltration by the TIMER tool; On the other hand, we utilized the methods of CIBERSORT and ESTIMATE computational to evaluate the proportion of tumor infiltrating immune cells (TIIC) and the amounts of stromal and immune components based on TCGA database. The use of antineoplastic drugs and the expression of CDCA4 also showed a high correlation via linear regression. Protein–Protein Interaction analysis was performed in the GeneMANIA database, and enrichment analysis was performed and predicted signaling pathways were identified by using Gene Ontology and Kyoto Encyclopedia of Genes. The correlation between CDCA4 expression with Copy number variations (CNV) and methylation is detailed, respectively. Molecular biology experiments including Western blotting, flow cytometry, EDU staining, Transwell and Wound Healing assay to validate the cancer promoting role of CDCA4 in hepatocellular carcinoma (HCC).



Results

Most tumors highly expressed CDCA4. Elevated CDCA4 expression was associated with poor OS and DFS. There was a significant correlation between CDCA4 expression and TITCs. Moreover, markers of TIICs exhibited distinct patterns of CDCA4 associated immune infiltration. In addition, we pay attention to the association between the expression of CDCA4 and the use of the anti-tumor drugs. CDCA4 is related to biological progress (BP), cellular component (CC) and molecular function (MF). Dopaminergic Synapse, AMPK, Sphingolipid, Chagas Disease, mRNA Surveillance were significantly enriched pathways in positive and negative correlation genes with CDCA4. CNV is thought to be a positive correlation with CDCA4 expression. Conversely, methylation is negative correlation with CDCA4 expression. Molecular biology experiments confirm a cancer promoting role for CDCA4 in HCC



Conclusion

CDCA4 may serve as a biomarker for cancer immunologic infiltration and poor prognosis, providing a new way of thinking for cancer treatment.
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Introduction

CDCA4 (Cell division cycle-associated protein 4), also known as HEPP/SEI3/TRIPBr3, was discovered to be a gene expressed only in hematopoietic progenitor cells rather than hematopoietic stem cells (1). The chenodeoxycholic acid (CDCA) family genes were shown to be tightly co-expressed with known cell cycle genes such as CDC2 (cell division cycle 2 gene), CDC7 (cell division cycle 7 gene), and cyclins, according to gene-based research (2). CDCA4 has been studied from the perspectives of physiology and clinical pathology in several species, and it was thought to have a critical role in cell cycle regulation (3). There was a plethora of cell or animal experiment-based data linking CDCA4 to several forms of malignancies. CDCA4 was shown to be upregulated in breast cancer (3), non-small cell lung cancer (4), osteosarcoma (5), head and neck squamous cell carcinoma (6), and ovarian cancer (6, 7). CDCA4 is now a potential biomarker and a key mediator in a variety of human malignancies, although the link between CDCA4 function and carcinogenesis remains unclear.

Despite the fact that numerous oncogenes and tumor suppressor genes have been found and linked to signaling pathways that govern cell growth or death in order to produce anti-tumor agents and therapeutic techniques, cancer treatment has hit a roadblock (8). Due to its capacity to lead to a paradigm change in the treatment of many advanced cancers, immunotherapy is seen as a route out of the bottleneck. Combination treatments employing metabolic inhibitors in conjunction with immune checkpoint blockade (ICB), chemotherapy, and radiation are increasingly being explored as potential cancer treatment options. The tumor microenvironment (TME), according to a new theory, plays a critical role in the beginning and progression of human malignancies (8–10). However, given the setting of the complicated TME, it is unclear how to appropriately use these tactics (11). Oncogene-driven alterations in tumor cell metabolism might affect the TME, limiting immune responses and posing hurdles to cancer treatment, implying that the TME is one of the most important elements influencing immunotherapy success. In order to better understand the dynamic regulatory mechanism of matrix and immunological components in TME, further research is required. As a result, elucidating the immunophenotypes of tumor-immune interactions and validating novel immune-related therapeutic targets in malignancies is critical.

Based on several databases, we investigated the expression of CDCA4 and its association with tumor infiltrating immune cells (TIICs) and associated immunological markers, as well as the prognosis of multiple cancers. Our data imply that CDCA4 interacts with TIICs to alter cancer patient prognosis. CDCA4 has a carcinogenic impact on pan-cancer, and raising CDCA4 expression may decrease human cancer patient survival time. Moreover, we carried out molecular biology verification in HCC to further confirm the cancer promoting role of CDCA4. In conclusion, CDCA4 is a prospective and promising therapeutic target for cancer, as well as a marker of immune infiltration and poor prognosis.



Materials and Methods


Data Collection and Processing

Pan-cancer sequencing data from The Cancer Genome Atlas (TCGA) and Broad Institute Cancer Cell Line Encyclopedia (CCLE), as well as data linked to liver hepatocellular carcinoma (LIHC) from the International Cancer Genome Consortium (ICGC), were extracted for analysis through their portal websites (12–14). Using the rma function in the R package (R studio version: 1.2.1335, R version: 3.6.1) (http://www.r-project.org/ https://www.rstudio.com/), the whole data set was filtered, deleting missing and duplicated results, and transformed by log2(TPM +1). Patients’ age, sex, tumor stages, and clinical stages were all retrieved from the portal websites, along with other clinical data. Furthermore, tumor mutation burden (TMB) and microsatellite instability (MSI) were downloaded data that was only available from the TCGA database. TMB was determined by counting the number of insertion or deletion events in repetitive gene sequences, whereas MSI was determined by counting the overall mutation occurrences per million base pair.



Survival Analysis and Relationship With Clinical Stage

The Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn) (15) is an online platform that uses a common processing technique to examine RNA sequencing expression data from the TCGA and The Genotype-Tissue Expression (GTEx) projects. The GEPIA “Survival” module was used to examine the relationship between CDCA4 expression and cancer prognosis. GEPIA also has interactive features including profiling based on pathological stages (15).



Cox Regression Analysis and Survival Analysis

In the R environment, Cox regression analysis was used to look at the relationship between CDCA4 expression and patients’ overall survival (OS) and disease free survival (DFS) in each cancer type using the TCGA databases. After separating patients into high and low CDCA4 expression groups through the best separation method, the Kaplan–Meier method was used to create the survival curves of patients in each cancer type. The survival were investigated using survival ROC and survival in the R package (rdocumentation.org/packages/survival) (16). The difference between curves was examined using the log-rank test, with a P-value of less than 0.05 considered significant.



Immune Cell Infiltration Enrichment

Tumor Immune Estimation Resource (TIMER) is a database-driven web application that calculates immune cell infiltration scores for six main immune cell types, including B cells, CD4+, T cells, CD 8+, T cells, macrophages, neutrophils, and dendritic cells (17, 18). TIMER has previously computed and saved the immune cell infiltration scores of pan-cancer data from the TCGA database. The infiltration data were retrieved and examined to see if there was a link between CDCA4 expression and infiltration.



CDCA4 and Drug Response

CellMiner (http://discover.nci.nih.gov/cellminer/) suggested a link between CDCA4 expression and drug response. CellMiner is generated by the Genomic and Pharmacology Facilit, DTB, CCR, NCI, NIH. It is a database and query tool designed for the cancer research community to facilitate integration and study of molecular and pharmacological data for the NCI-60 cancerous cell lines. The NCI-60, a panel of 60 diverse human cancer cell lines used by the Developmental Therapeutics Program of the U.S. National Cancer Institute to screen over 100,000 chemical compounds and natural products (since 1990).



Protein–Protein Interaction Network Construction

GeneMANIA (http://www.genemania.org) is an interactive and user-friendly website for building a protein-protein interaction (PPI) network, which provides gene function prediction hypotheses and identifies genes with comparable roles (19, 20). Physical interaction, co-expression, colocalization, gene enrichment analysis, genetic interaction, and website prediction are among the bioinformatics approaches used in this network integration algorithm. GeneMANIA was used to analyze CDCA4 PPI in this investigation.



CDCA4-Related Gene Enrichment Analysis

We used a single protein name (“CDCA4”) and organism (“Homo sapiens”) to search the STRING database (https://string-db.org/). Following that, we set the following main parameters: the minimum required interaction score [“Low confidence (0.150)”], the meaning of network edges (“evidence”), the maximum number of interactors to display (“no more than 50 interactors” in the first shell), and active interaction sources (“experiments”). Finally, the CDCA4-binding proteins that have been experimentally determined were retrieved. Furthermore, we integrated the two sets of data to undertake KEGG pathway analysis (Kyoto encyclopedia of genes and genomes). We collected the data for the functional annotation chart by uploading the gene lists to DAVID (Database for annotation, visualization, and integrated discovery) with the parameters of chosen identifier (“OFFICIAL_GENE_SYMBOL”) and species (“Homo sapiens”). Finally, the enriched pathways were displayed using the R packages “tidyr” and “ggplot2.” In addition, we used the R package “clusterProfiler” to run GO.



CDCA4 CNV Profile in Pan-Cancer Based on GSCA

Gene Set Cancer Analysis (GSCA) (21) platform is a web server that integrates multiomics data based on the TCGA database (http://bioinfo.life.hust.edu.cn/web/GSCA/). Copy number variation (CNV), methylation, pathway activity, and immunological infiltrates are among the studies offered by GSCA. Correlation between mRNA expression quantity of CDCA4 and CNV in different tumors analyzed by GSCA website.



CDCA4 Methylation Profile in Pan-Cancer Based on GSCA

The correlation between the amount of mRNA expression and the degree of methylation of CDCA4 in different tumors was analyzed by GSCA website.



Specimen Collection

The liver tissues were collected from patients undergoing surgery at The First Affiliated Hospital of Anhui Medical University. All patients received a histopathological diagnosis of HCC based on World Health Organization criteria. The tissues were immediately snap-frozen in liquid nitrogen after surgical removal and stored at −80°C. The study was complied with the standards approved by the Ethics Committee of Health Medical Research of Anhui Medical University which was in accord with the Helsinki Declaration. All participants signed patients’ informed consent.



Cell Lines and Cell Culture

Human HCC cell lines (HepG2 and Huh-7 cells) were obtained from the Center for Excellence in Molecular Cell Science (Shanghai, China). All cells were stored in liquid nitrogen and cultured in modified Eagle’s Medium (DMEM, Gibco BRL, USA) supplemented with 1% antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin sulfates, Sigma, USA) and 10% heat-inactivated fetal bovine serum (FBS, Gibco, USA) in a humidified incubator (5% CO2 at 37°C).



Plasmid Construction and Cell Transfection

Overexpression plasmid of CDCA4 (PEX-3-CDCA4) was constructed and stored in our laboratory (Hefei, China). The PEX-3 vector was used as an internal control. PEX-3-CDCA4 and PEX-3 were transfected in human HCC cells by applying LipofectamineTM2000 according to the manufacturer’s protocol.



RNA Interference Analysis

Small interfering RNA (siRNA) oligonucleotides targeting CDCA4 genes and scramble siRNA were designed and synthesized by the Gene Pharma Corporation (Shanghai, China) and contained the following sequences:

CDCA4-siRNA: F:5′-GGUGUGUUUUCUUUUGUGCTT-3′, R:5′-GCACAAAAGAAAACACACCTT-3′

Negative control siRNA: F: 5′-UUCUCCGAACGUGUCACGUTT-3′, R: 5′-ACGUGACACGUUCGGAGAA TT-3′.

Briefly, Human HCC cells (HepG2 and Huh-7 cells) in the logarithmic phase were inoculated into 6-well plates with antibiotic-free DMEM. The cell density per well was 6×105 cells. LipofectamineTM2000 kit was used for transfection. Immediately, cells were cultured in a humidified incubator (5% CO2 at 37°C) for 24h and then collected.



Immunohistochemistry (IHC)

After fixation, decalcification, dehydration, transparency, paraffin embedding, dewaxing and dehydration, human HCC slides were infiltrated in the preheated cell transparent liquid including PBS, Triton and 30% Hydrogen Peroxide (H2O2) for 30 min. Then, human HCC slides were incubated in citric acid buffer for 15 min for antigen retrieval. After incubating with 0.3% H2O2 and blocking with 5% goat serum, the slides were incubated with rabbit polyclonal antibody against CDCA4 (1:100, Abcam, UK) overnight. Results were visualized by 3,3’-diaminobenzidine tetrahydrochloride (DBA) staining. Subsequently, the slides were redyed with hematoxylin for 5 min. After washed, dehydrated, transparent and fixed with a gel, the microscope was utilized to detect the immune complexes. All experiments were performed in triplicate.



Western Blotting Analysis

Total proteins were extracted by using radioimmunoprecipitation assay buffer reagent (RIPA, Beyotime, China) and phenylmethanesulfonyl fluoride (PMSF, Sigma, USA). A Bicinchoninic acid (BCA) protein assay kit (Beyotime, China) was used to measure the protein concentrations. Proteins from each sample were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto the Polyvinylidene fluoride (PVDF) membrane (Millipore, USA). The lysates of tissues or cells with equal weight were separated as aforementioned. After blocking in the 5% skim milk with tris buffered saline tween (TBST, Boster, China), the transferred membranes were incubated in the primary antibodies at 4°C overnight and then washed by TBST (TBS+Tween) for three times for 15 minutes each. Subsequently, the transferred membranes were incubated with secondary antibodies at RT for 1h. After extensive washing in TBST, immunoblotting was visualized using the enhanced chemiluminescence (ECL) development kit (Thermo Scientific, USA) and analyzed with Quantity-one software (Bio-Rad, USA). Antibodies used: rabbit anti-MMP-2, rabbit anti-MMP-9, rabbit anti-Bax and rabbit anti-Bcl-2 were purchased from Abcam UK.



Flow Cytometry Assay

For cell cycle assay, cells were first harvested by trypsinization and then fixed in 75% ice-cold ethanol in phosphate-buffered saline. The cells were added Bovine pancreatic RNase (2 μg/ml, Sigma) and propidium iodide (10 μg/ml, Invitrogen). And then, the cells were incubated for 30 min at RT and protected from light meanwhile. The flow cytometer (BD biosciences, NJ, USA) was used to analyze the cell distribution. For cell apoptosis assay, specific operating procedures refer to the manufacturer’sprotocols. Cell apoptosis was then measured by using the flow cytometer (BD biosciences, NJ, USA). In graph, the four quadrant respectively stands for necrotic cells, viable cells, early stage apoptotic cells and late stage apoptotic cells.



Transwell Assay

Human HepG2 and Huh-7 cells were inoculated into the upper chamber with a serum-free medium. Each well was a density of 2 × 106 cells. The bottom chamber is filled with 500 µl of 20% fetal bovine serum (FBS) culture medium. After incubating in a 5% (v/v) CO2 incubator at RT for 2 d, removing the non-invasive cells and matrigel in the upper chamber, and then the cells were fixed on the lower surface with 10% neutral buffered formalin solution and 0.1% crystal violet staining. Count invading cells in five randomly selected microscope fields.



Wound Healing Assay

Cells in the logarithmic growth phase at passages 3-5 were treated with 1×106/ml cell number were seeded in six well plates. The plates were incubated in the incubator for 24 h, and cells were selected when they reached ~ 70% confluency. Cells were treated with 10μL autoclaved pipette tip on the bottom surface of the adherent cells and gently make a horizontal scratch. The cells were gently washed 2 times with phosphate buffered saline (PBS) to remove detached cells. The plates were incubated in an incubator for 24 h. Cells were fixed using methanol solution. Crystal violet staining. The cell scratch healing was observed using an inverted microscope and photographed and recorded



Ethynyl-2-Deoxyuridine (EdU) Incorporation Assay

An EdU Apollo DNA in vitro kit (RIBOBIO, Guangzhou, China) was used to determine the cell proliferation. The entire operation process followed the manufacturer’s instructions. Exponentially growing human HepG2 and Huh-7 cells were placed on 13 mm glass coverslips, respectively. Then, CDCA4-siRNA and the negative control (NC) were transfected into human HCC cells with LipofectamineTM2000, respectively. After cultured 24 h, the cells were added to 50 μM EdU labeling media and then incubated for 2 hours at RT under 5% CO2. Subsequently, cells were treated with 4% paraformaldehyde, glycine, 1% Triton X-100. Apollo and Hoechst staining were performed for 30 min respectively. The images were taken by fluorescence microscopy (Olympus, Tokyo, Japan).



Statistics Analysis

For bioinformatic validation, The link between CDCA4 expression and targets of interest, such as immune cell infiltration scores (as mentioned in the preceding section for six immune cell types), TMB, MSI, mismatch repair (MMR) genes, and methylation transferase genes, was assessed using the Spearman Correlation test. Depending on whether the samples were paired or not, paired t tests or the t test were used to compare CDCA4 expression levels across groups or between tumor and normal tissues. Significant was defined as a P-value of less than 0.05. The R tools ggplot2 and forestplot were used to create all of the graphs.

For molecular biology verification, all statistical calculations were performed using the Statistical Product and Service Solutions (SPSS) software. A two-tailed student’s t-test was used to evaluate differences between two groups. One-factor Analysis of Variance (One-way ANOVA) analyses of variance was used to calculate statistical significance more than two groups. Data are reported as means ± SD. Differences were defined as statistically significance if P value <0.05.




Result


CDCA4 Expression Levels Across Various Normal and Cancer Tissues

The mRNA expression levels of CDCA4 were shown to be comparable across all organs (Figure 1A), with the exception of bone marrow, using data from the GTEx database, which included diverse tissues from healthy persons. More importantly, CDCA4 expression levels are not only higher universally in diverse cancer cell lines from the cancer cell line encyclopedia (CCLE) database, but also in tighter ranges when compared to the range of expression in normal tissues (Figure 1B). A study of relatively normal tissues and cancers revealed that CDCA4 was strongly expressed in most tumors, with the exception of the kidney chromophobe (KICH), which revealed the opposite finding with significance. Taking TCGA data alone, in 18 of the 20 cancer types studied, the expression difference was significant (the exceptions were prostate adenocarcinoma (PRAD) and pancreatic adenocarcinoma (PAAD), while differences were significant for 26 of the 27 cancers when the data from TCGA and GTEx were combined. The expression levels of tumor and normal tissues were comparable in the kidney renal clear cell carcinoma (KIRC), however CDCA4 expression was lower in the KICH when compared to normal tissues (Figures 1C, D).




Figure 1 | (A) Using data from the GTEx database, mRNA expression levels of CDCA4 in multiple organs of healthy persons; (B) From the data of CCLE database, CDCA4 expression levels are not only higher universally in diverse cancer cell lines, but also in tighter ranges when compared to the range of expression in normal tissues; (C) Taking TCGA data alone, CDCA4 expression differences between tumor and normal tissues for 20 cancers; (D) Combining the data from TCGA and GTEx, CDCA4 expression differences between tumor and normal tissues for 27 cancers. (*** represents p < 0.001).





CDCA4 Expression Was Positively Correlated With Advanced Stages of Cancers

We used GEPIA2’s “Pathological Stage Plot” module to examine the correlation between CDCA4 expression and the pathological stages of cancers. Adrenocortical carcinoma (ACC), Esophageal carcinoma (ESCA), KICH, Kidney renal papillary cell carcinoma (KIRP), Lung adenocarcinoma (LUAD), LIHC, Thyroid carcinoma (THCA), Testicular Germ Cell Tumors (TGCT) were all significantly associated with tumor stage (Figure 2, all P<0.05).




Figure 2 | The correlation between CDCA4 expression and the pathological stages of cancers, including ACC (A), ESCA (B), KICH (C), KIRP (D), LUAD (E), LIHC (F), THCA (G), TGCT (H) using HEPIA2’s “Pathological Stage Plot” module.





Analysis of Link Between CDCA4 Expression Level and Prognosis

Using data from the TCGA database, we examined the relationship between CDCA4 expression levels and OS in various cancer types through single variate Cox regression analysis. The hazard ratios for CDCA4 were significant for Pheochromocytoma and Paraganglioma (PCPG), ACC, KIRP, Cholangiocarcinoma (CHOL), KICH, KIRC, Acute Myeloid Leukemia (LAML), Brain Lower Grade Glioma (LGG), Bladder Urothelial Carcinoma (BLCA), LUAD, Mesothelioma (MESO), PAAD, PRAD, Skin Cutaneous Melanoma (SKCM), LIHC and uveal melanoma (UVM), among which CDCA4 had the highest risk effect in KICH (Figure 3A). The subsequent survival analyses, which used patient data dichotomized for optimal cut off value in each cancer type (Figure 3B), demonstrate that survival differences in OS-related cancer types were all significant, indicating that patients with high CDCA4 expression had poorer outcomes (Figure 3B). Following that, a high CDCA4 expression level was associated with a poorer OS in the TCGA cancer types shown in Figure 3B (HR = 1.5, Figure 3C) when compared to a low expression level.




Figure 3 | (A) The relationship between CDCA4 expression levels and OS in various cancer types through single variate Cox regression analysis using data from the TCGA database; (B) The survival analyses for median expression value in various cancer types using data from the TCGA database; (C) A high CDCA4 expression level was associated with a poorer OS when compared to a low expression level in the 16 cancer types (HR = 1.5) using data from the TCGA database.



Next, correlation between CDCA4 expression and disease free survival (DFS) was also analyzed by Cox regression analysis. The results of the Cox regression analysis gave similar results to those correlating to OS. Differences included identification of a significant risk effect for Breast invasive carcinoma (BRCA), Colon adenocarcinoma (COAD), Uterine Corpus Endometrial Carcinoma (UCEC) (in addition to the formerly mentioned 16 types of cancers). Besides, LAML is lack of the significant risk effect and an inability to calculate a hazard ratio for CDCA4 in LAML due to lack of related data (Figure 4A). In the following survival analysis, cancer types with high CDCA4 expression again exhibited a worse prognosis in comparison with the low expression groups (Figure 4B). Similarly, a high expression level of CDCA4 was also concerned to have a correlation with a worse DFS in the TCGA cancer types, which are exhibited in Figure 4B (HR = 1.3, Figure 4C).




Figure 4 | (A) Correlation between CDCA4 expression and DFS analyzed by Cox regression using data from the TCGA database; (B) The survival analysis for CDCA4 expression and prognosis in various cancer types; (C) A high expression level of CDCA4 was concerned to have a correlation with a worse DFS in the 12 cancer types (HR = 1.3) using data from the TCGA database.





Correlation Analysis of Prognosis

K-M plot was used to further analyze the correlation between CDCA4 expression and cancer prognosis, and the results of the correlation analysis indicated that CDCA4 expression was associated with the prognosis of various cancer types, including breast, ovarian, lung, gastric and liver cancer (Figure 5A). Then we integrated the results of the survival analysis in a meta-analysis, and the integrated results showed that high expression of CDCA4 was significantly associated with poor prognosis in cancer patients (Figure 5B).




Figure 5 | (A) K-M plots showed that different CDCA4 levels were associated with pathological stages of OS, PFS, DFS, RFS, DMFS, PSS, DSS and FP events; (B) The results of survival analysis of multiple cancers were integrated into the meta-analysis, and the combined results showed that high expression of CDCA4 in cancer patients was significantly associated with poor prognosis.





Correlation Between CDCA4 Expression and Immune Infiltrating Level in Cancers

CDCA4 is known to contribute to the preservation of the Golgi architecture in tumor cells, suggesting that it may influence immune cell differentiation through the serotonin pathway. To determine if this pathway has an effect on the immunological milieu of tumors, we examined the connection between CDCA4 expression and the degree of immune cell infiltration in each cancer type. We indeed found a strong association in multiple malignancies using the infiltration scores of six immune cell types (B cell, CD4+ T cell, CD8+ T cell, neutrophil, macrophage, and dendritic cell) accessible in the Tumor Immune Estimation Resource (TIMER) database and obtained from TCGA. KIRC, LIHC, and lung squamous cell carcinoma (LUSC) were the top three tumor groups. The accompanying linear regression graphs from KIRC and LIHC indicate that high CDCA4 expression is associated with increased amount of immune cell infiltration. It is worth noting that there is a stronger association between CDCA4 expression and the amount of immune cell infiltration in LIHC. On the contrary, a negative connection exists between CDCA4 expression and immune cell infiltration in LUSC. It is worth mentioning that dendritic cells exhibited the greatest significant coefficients of all cell types in all three malignancies. Additionally, B cells are expected to have the highest coefficients in LIHC (Figure 6).




Figure 6 | A strong connection between CDCA4 expression and the degree of immune cell infiltration in multiple malignancies using the infiltration scores of six immune cell types (B cell, CD4+ T cell, CD8+ T cell, neutrophil, macrophage, and dendritic cell) accessible in the TIMER database and obtained from TCGA.



The top three tumors most significantly correlated with expression of CDCA4 wereTGCT, LUSC and BRCA (StromalScore), LUSC, UCEC and SKCM (ImmuneScore), LUSC, UCEC and SKCM (ESTIMATEScore) respectively (Figure 7). Therefore, the results indicated that CDCA4 expression was tightly correlated with the extent of immune infiltration in cancers.




Figure 7 | The top three tumors with the most significant correlation between the degree of immune infiltration and CDCA4 expression were TGCT, LUSC and BRCA (StromalScore); LUSC, UCEC and SKCM (ImmuneScore); LUSC, UCEC and SKCM (ESTIMATEScore), respectively.





Correlation of CDCA4 Expression With Expression of Some Immune Checkpoint Genes for Certain Cancers Implicates CDCA4 in the Tumor Immune Response

There are now multiple genes that are tightly linked to and recognized as immune response checkpoint components. We were able to determine whether there is a relationship between CDCA4 expression and the expression of such checkpoint genes using TCGA databases. In diverse cancer types, correlation analysis between CDCA4 and checkpoint gene expression indicated a high connection (P<0.05) with TNF-related immune genes including TNFRSF8, TNFRSF14, TNFRSF18, CD70, CD44, and CD276 (B7-H3). Furthermore, considerable co-expression of CDCA4 with more immune checkpoint genes was found in KICH, LIHC, and PRAD. The findings, particularly for KICH, LIHC, and PRAD, suggest that CDCA4 is involved in the regulation of the tumor immune response via immune checkpoint activity modulation. It’s also worth noting that CDCA4 expression was inversely linked with most immunological checkpoint molecules in head and Neck squamous cell carcinoma (HNSC), LUSC, Sarcoma (SARC), SKCM, human neural stem cells (THYM), UCEC and Uterine Carcinosarcoma (UCS), though not to a substantial degree in some of them (Figure 8A).




Figure 8 | (A) CDCA4 expression was inversely linked with most immunological checkpoint molecules in HNSC, LUSC, SARC, SKCM, THYM, UCEC and UCS, though not to a substantial degree in some of them; (B) In BRCA, COAD, ESCA, LGG, LUAD, LUSC, PAAD, PRAD, SARC, SKCM, STAD, THYM and UCEC, CDCA4 expression was positively connected with TMB, whereas in ESCA, KIRC, THYM and UCEC, it was adversely correlated with TMB; (C) In DLBC and TGCT, CDCA4 expression was inversely connected with MSI, but it was positively correlated in COAD, KICH, MESO, SARC, STAD and UCEC; (D) CDCA4 expression considerably and strongly correlates with MMR gene expression in most cancer types (excluding CHOL, COAD, KICH, and READ); MLH1, MSH2, and MSH6 are all positively connected with CDCA4 in most cancer types. (* represents 0.01 < p < 0.05, ** represents 0.001 < p < 0.01, *** represents p < 0.001).





CDCA4 Is Associated With the TMB and MSI in Some Cancers

In BRCA, COAD, ESCA, LGG, LUAD, LUSC, PAAD, PRAD, SARC, SKCM, STAD, THYM and UCEC, CDCA4 expression was positively connected with TMB, whereas in ESCA, KIRC, THYM and UCEC, it was adversely correlated with TMB (Figure 8B). In Diffuse Large B-cell Lymphoma (DLBC) and TGCT, CDCA4 expression was inversely connected with MSI, but it was positively correlated in COAD, KICH, MESO, SARC, Stomach adenocarcinoma (STAD) and UCEC (Figure 8C).



CDCA4 Expression Is Strongly Related to MMR Defects in Different Cancers and May Interfere With Methylation After Transcription

Following the discovery of a connection between CDCA4 expression and the mutation markers TMB and MSI, further research into the relationship between CDCA4 expression and carcinogenesis processes, particularly a link with MMR deficiencies, was required. As a result, we looked at the link between CDCA4 expression and a few well-established MMR genes (MLH1, MSH2, MSH6, PMS2 and EPCAM). As a consequence, CDCA4 expression considerably and strongly correlates with MMR gene expression in all thirty-three cancer types (excluding CHOL, COAD, KICH, and READ); MLH1, MSH2, and MSH6 are all positively connected with CDCA4 in majority of these cancer types (See Figure 8D).



CDCA4 and Drug Response

CDCA4 expression was positively connected with drug response in patients treated with Digoxin Cisplatin, Nelarabine, 5-fluorodeoxyuridine, Chelerythrine, Triethylenemelar, Hydroxyurea, Thiotepa, Cladribine, Fludarabine, Chlorambucil, Pipobroman, Uracil mustard and Methotrexate. Additionally, there is a negative connection between CDCA4 expression and the anticancer drug AP-26113, Ponatinib. An illustration of the relationship between CDCA4 expression and expected medication response can be found in Figure 9.




Figure 9 | An illustration of the relationship between CDCA4 expression and expected medication response.





PPI Network of CDCA4 in Cancers and Enrichment Analysis

Next, we utilized the GeneMANIA online program to create a PPI network for CDCA4, which is displayed in Figure 10A, to investigate the probable processes by which CDCA4 played a role in cancer carcinogenesis. CDCA4 demonstrated significant physical interactions with SERTAD4, SERTAD1, SERTAD3 and SERTAD2, as illustrated in the figure. The biological processes (BP) enriched in this dataset were primarily those related to DNA Conformation Change/Regulation of Transcription Initiation from RNA Polymerase II Promoter/Cellular Response to dsRNA/Peptidyl-Serine Dephosphorylation/Cellular Response to Exogenous dsRNA, while the cellular components (CC) enriched were primarily those related to Phosphatase Complex/Protein Serine/Threonine Phosphatase Complex/Protein Phosphatase Type 2a Complex. Furthermore, the enriched molecular functions (MF) were linked to Transcription Coactivator Activity/Phosphatase Regulator Activity/Protein Phosphatase Regulator Activity/Protein Serine/Threonine Phosphatase Activity/DNA-Dependent ATPase Activity. The major enriched pathways were those connected with Dopaminergic Synapse, AMPK, Sphingolipid, Chagas Disease, and mRNA Surveillance, according to the KEGG analysis (Figure 10B).




Figure 10 | (A) a PPI network for CDCA4; (B) The biological processes (BP) enriched in this dataset were primarily those related to DNA Conformation Change/Regulation of Transcription Initiation from RNA Polymerase II Promoter/Cellular Response to dsRNA/Peptidyl-Serine Dephosphorylation/Cellular Response to Exogenous dsRNA, while the cellular components (CC) enriched were primarily those related to Phosphatase Complex/Protein Serine/Threonine Phosphatase Complex/Protein Phosphatase Type 2a Complex. Furthermore, the enriched molecular functions (MF) were linked to Transcription Coactivator Activity/Phosphatase Regulator Activity/Protein Phosphatase Regulator Activity/Protein Serine/Threonine Phosphatase Activity/DNA-Dependent ATPase Activity. The major enriched pathways were those connected with Dopaminergic Synapse, AMPK, Sphingolipid, Chagas Disease, and mRNA Surveillance, according to the KEGG analysis.





The Positive Correlation Between CDCA4 CNV and mRNA

In pan-cancer, a Spearman association between CDCA4 CNV and mRNA was performed. In BLCA, Head and Neck squamous cell carcinoma (HNSC), LUSC, Ovarian serous cystadenocarcinoma (OV), and Sarcoma (SARC), there is a substantial positive connection between CDCA4 CNV and mRNA expression. On the contrary, this connection was not significant in Adrenocortical cancer (ACC), Diffuse Large B-cell Lymphoma (DLBC), KIRP, LAML, LIHC, PCPG, THCA, UVM (Figure 11A). Figure 11B show the top six with the highest correlation scores.




Figure 11 | (A) A Spearman association between CDCA4 CNV and mRNA was performed in pan-cancer. In BLCA, HNSC, LUSC, OV, and SARC, there is a substantial positive connection between CDCA4 CNV and mRNA expression. On the contrary, this connection was not significant in ACC, DLBC, KIRP, LAML, LIHC, PCPG, THCA and UVM; (B) The top six with the highest correlation scores between CDCA4 CNV and mRNA; (C) With the exception of THYM, CDCA4 methylation was shown to be strongly linked with CDCA4 mRNA expression in most cancer types. Especially in BRCA, ESCA and TGCT, the relevance is particularly obvious; (D) The top six with the highest correlation scores between CDCA4 methylation and mRNA.





CDCA4 Methylation Profile in Pan-Cancer Based on GSCA

CDCA4 methylation landscape in pan-cancer was also investigated. With the exception of Thymoma (THYM), CDCA4 methylation was shown to be strongly linked with CDCA4 mRNA expression in most cancer types. Especially in BRCA, ESCA and TGCT, the relevance is particularly obvious (Figure 11C). Figure 11D show the top six with the highest correlation scores.



The Expression of CDCA4 in Human HCC

In the study, the expression level of CDCA4 was first analyzed in HCC tissues and adjacent tissues. IHC results showed that the expression level of CDCA4 was up-regulated in HCC tissues compared to the adjacent tissues (Supplementary Figure S1A). The results of Western blotting were consistent with IHC (Supplementary Figure S1B).



Effect of CDCA4 on Apoptosis and Proliferation of HCC Cells

To detect the effect of CDCA4 in HCC, PEX-3-CDCA4 and CDCA4-siRNA were transfected respectively in HepG2 and Huh-7 cells to significantly increase and decrease the expression level of CDCA4. The flow cytometry results showed that CDCA4-siRNA significantly promoted HCC cells apoptosis (Supplementary Figure S2A). Meanwhile, the flow cytometry discovered that HCC cells transfected with CDCA4-siRNA displayed a larger G0/G1 population and arrested S and G2/M phase (Supplementary Figure S2B). EdU staining results showed that CDCA4-siRNA significantly reduced cell proliferation in HepG2 and Huh-7 cells (Supplementary Figure S2C). Furthermore, Western blotting result showed that PEX-3-CDCA4 inhibited the expression level of BCL2-associated X protein (Bax) and increased the expression level of B-cell lymphoma-2 (Bcl-2) and PCNA in HCC cells (Supplementary Figure S2D and S2E). Interestingly, CDCA4-siRNA remarkably increased the expression level of Bax and inhibited the expression level of Bcl-2 and Proliferating Cell Nuclear Antigen (PCNA) in HCC cells (Supplementary Figures S2F, G). All in all, these results confirmed that CDCA4 could inhibited cells apoptosis and promoted cells proliferation in HepG2 and Huh-7 cells.



Effect of CDCA4 on Migration and Invasion of HCC Cells

To further observe the potential roles of CDCA4 in regulating the ability of HCC cells to invasion and migration. Transwell and Wound Healing results revealed that silence of CDCA4 could inhibit the ability of invasion and migration. However, the ability of invasion and migration was promoted by PEX-3-CDCA4 (Supplementary Figures S3A, B). Certainly, the protein expression of MMP-2 and MMP-9 was further verified the previous data (Supplementary Figures S3C–F). Collectively, we could conclude that CDCA4 may promote the migration and invasion of HCC cells in vitro.




Discussion

CDCA4 is a nuclear factor activated by the Early 2 factor (E2F) transcription factor family that controls E2F-dependent transcriptional activation and cell proliferation (22). When overexpressed in mammalian cell lines, CDCA4 was found to have the same biological function as the SEI-3 protein, which has recently been shown to interact with CBP (CREB-binding protein) and stimulate the transactivating function of tumor suppressor p53 as well as induce p53-independent growth inhibition (23). CDCA4 differential expression was also shown to be greater in a number of human malignancies, including breast cancer (3), non-small cell lung cancer (4), osteosarcoma (5), HNSC (6), and ovarian cancer (6, 7). CDCA4 has been shown to influence cell proliferation and death in the MCF7/ADM human breast cancer cell line via downregulating genes in the Nrf2 signaling pathway (3). Furthermore, studies have also shown that CDCA4 inhibited EMT, migration, and invasion of NSCLC via interacting with Coactivator-associated arginine methyltransferase 1 (CARM1) to control autophagy (4).

High CDCA4 expression was predominantly related with cell division and cell cycle activities, according to enrichment analysis. From prometaphase onwards, CDCA4 is involved in spindle organization. CDCA4 may perform a distinct function as a midzone factor engaged in chromosomal segregation or cytokinesis when anaphase starts (24). Uncontrolled growth and invasion were considered as the most dangerous pathological alterations underneath the intricacy and idiopathy of every malignancy (25). CDCA4, Nuclear Mitotic Apparatus (NuMA)-like proteins were identified as important players to interact with microtubules, MAPs (microtubule associated proteins), motors, and other factors involved in the dynamic functions of the spindle at different stages of mitosis, with their symbolic translocation from the nucleus to the mitotic apparatus. CDCA4 is a really new nuclear mitotic apparatus (NuMAP) that has a role in both metaphase spindle structure and anaphase spindle activity. At the moment, the most effective treatment is to stop the cancer cells from reproducing. The prevention of mitotic spindle assembly, which causes cancer cell division and death, is regarded to be the most effective among them (26). The significance of CDCA4 in cycle control is noteworthy. That is why we are concentrating on this gene. CDCA4 is broadly distributed throughout tissues, with a particular high level of expression in bone marrow, according to our findings. It’s probable that high CDCA4 levels are required for high cell proliferation and turnover, which would explain the increased expression in bone marrow. CDCA4 expression was higher in distinct cancer types when compared to matching normal tissues, and this high expression was linked to poorer OS and DFS in those cancer types. KICH was an exception to the norm, since it had much lower amounts of CDCA4.

Under normal conditions, the immune system is capable of recognizing and eliminating tumor cells from the TME. However, tumor cells may use a variety of survival and growth methods, escaping the immune system. Tumor immunotherapy, which includes monoclonal antibody class immune checkpoint inhibitors, cancer vaccines, therapeutic antibodies, and cell treatment, can restore the body’s natural antitumor immune response. TIICs have a clinical effect on the outcome of patients with a variety of malignancies (27). We compiled a list of over 40 frequent immune checkpoint genes and estimated the correlation between their expression and that of CDCA4. In cancer patients, increased expression of PD-1 and PD-L1 by TIICs was associated with a worse prognosis and histological grade (28). CDCA4 expression was shown to correlate favorably with tumor purity but negatively with TIICs. Therefore, it is not hard to understand that CDCA4 overexpression was associated with a poor outcome in KIRC, LIHC, and LUSC. The data suggested that CDCA4 expression was linked with tumor infiltration levels. MSI was related with an increased risk of cancer with particular clinicopathological characteristics, including increased TMB and lymphocytes entering the tumor. Especially, TMB was a latent biomarker for predicting ICB response (29). In addition, Thomas et al. revealed that TMB could predict breast cancer patients’ immune-related survival outcomes (30). Therefore, in the future, on the one hand, we can estimate the effect of immunotherapy by detecting the expression level of CDCA4; On the other hand, we can develop targeted therapy for CDCA4 to combine with traditional immunotherapy to improve its efficacy.

We also concentrate on intracellular signaling regulation and regulatory factor activity, which is regarded to be important (31, 32). The relationships between CNV, methylation, and CDCA4 expression were all investigated in depth. In addition, we also explored the role of CDCA4 in HCC by molecular biological methods. Immunohistochemistry and Western blotting confirmed that CDCA4 expression was up-regulated in HCC tissues. Edu staining confirmed that CDCA4 promoted the proliferation of HCC cells. Flow cytometry sorting revealed that the proportion of cells in G0/G1 phase was elevated after CDCA4 knockdown, confirming the pro proliferative effect of CDCA4. Moreover, flow cytometry also found that CDCA4 was able to inhibit the apoptosis of HCC cells. Transwell assay confirmed that CDCA4 promoted the invasion and migration of HCC cells. These results corroborate the correctness and reliability of the pan cancer bioinformatics analysis results in HCC, and we will perform similar molecular biological validation in more cancers in the future.

However, even though we explored and incorporated information from several databases, there were still some limitations in the present study. To begin with, while the bioinformatic analysis offered us some important insights of CDCA4 in malignancies, and we have also verified the cancer promoting effect of CDCA4 in HCC through molecular biology methods, further biological experiments in vitro or in vivo are required to validate our results and increase therapeutic usefulness. Moreover, despite the fact that CDCA4 expression was linked to immunity and clinical survival in human malignancies, we were unsure if CDCA4 affected clinical survival via the immune route. Overall, our findings revealed the critical involvement of CDCA4 in tumorigenesis and metastasis, as well as a proposed mechanism by which CDCA4 influences tumor immunology, metabolic activity, and Epithelial-Mesenchymal Transition (EMT) in malignancies. Future prospective research concentrating on CDCA4 expression and the tumor immune milieu would be useful in providing a conclusive answer, allowing for the development of an immuno-based anti-cancer therapy.
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Supplementary Figure 1 | (A) IHC results showed that the expression level of CDCA4 was down-regulated in HCC tissues compared to the adjacent tissues; (B) The results of Western blotting showed that the expression level of CDCA4 was down-regulated in HCC tissues compared to the adjacent tissues.

Supplementary Figure 2 | (A) Flow cytometry results showed that CDCA4-siRNA significantly promoted HCC cell apoptosis; (B) Flow cytometry results showed that HCC cells transfected with CDCA4-siRNA displayed a larger G0/G1 population and arrested S and G2/M phase; (C) Edu staining showed that the CDCA4-siRNA significantly reduced HCC cell proliferation; (D) Western blotting results showed that PEX-3-CDCA4 inhibited the expression level of Bax, increased the expression level of Bcl-2 and PNCA in HepG2 cells; (E) Western blotting results showed that CDCA4-siRNA remarkably increased the expression level of Bax and inhibited the expression level of Bcl-2 and PNCA in HepG2 cells. (F) Western blotting results showed that PEX-3-CDCA4 inhibited the expression level of Bax, increased the expression level of Bcl-2 and PNCA in Huh-7 cells; (G) Western blotting results showed that CDCA4-siRNA remarkably increased the expression level of Bax and inhibited the expression level of Bcl-2 and PNCA in Huh-7 cells.

Supplementary Figure 3 | (A)The results of Transwell analysis indicated that the ability of invasion in HCC cells was enhanced after transfection with PEX-3-CDCA4; (B) The results of Wound Healing analysis indicated that the ability of migration in HCC cells was enhanced after transfection with PEX-3-CDCA4. (C) Western blotting results showed that CDCA4-siRNA inhibited the expression level of Bax, increased the expression level of MMP2 and MMP9 in HepG2 cells; (D) Western blotting results showed that PEX-3-CDCA4 remarkably increased the expression level of Bax and inhibited the expression level of MMP2 and MMP9 in HepG2 cells. (E) Western blotting results showed that CDCA4-siRNA inhibited the expression level of Bax, increased the expression level of MMP2 and MMP9 in Huh7 cells; (F) Western blotting results showed that PEX-3-CDCA4 remarkably increased the expression level of Bax and inhibited the expression level of MMP2 and MMP9 in Huh7 cells.
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The pathogenetic mechanism of post-Covid-19 pulmonary fibrosis is currently a topic of intense research interest, but still largely unexplored. The aim of this work was to carry out a systematic exploratory search of the literature (Scoping review) to identify and systematize the main pathogenetic mechanisms that are believed to be involved in this phenomenon, in order to highlight the same molecular aspect of the lung. These aims could be essential in the future for therapeutic management. We identified all primary studies involving in post COVID19 syndrome with pulmonary fibrosis as a primary endpoint by performing data searches in various systematic review databases. Two reviewers independently reviewed all abstracts (398) and full text data. The quality of study has been assess through SANRA protocol. A total of 32 studies involving were included, included the possible involvement of inflammatory cytokines, concerned the renin-angiotensin system, the potential role of galectin-3, epithelial injuries in fibrosis, alveolar type 2 involvement, Neutrophil extracellular traps (NETs) and the others implied other specific aspects (relationship with clinical and mechanical factors, epithelial transition mesenchymal, TGF-β signaling pathway, midkine, caspase and macrophages, genetics). In most cases, these were narrative reviews or letters to the editor, except for 10 articles, which presented original data, albeit sometimes in experimental models. From the development of these researches, progress in the knowledge of the phenomenon and hopefully in its prevention and therapy may originate.
Keywords: lung fibrosis, post covid19 syndrome, molecular aspects, pathogenetic mechanisms, literature review
1 INTRODUCTION
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection can generate a systemic disease named coronavirus disease-2019 (COVID-19) (Cameli et al., 2021a).
Since the start of the outbreak, one of the first observations has been the impressive heterogeneity of phenotypic response to SARS-CoV-2 infection among individuals (Benetti et al., 2020). The suitability of antiviral defenses, genetic predisposition together with immunologic defenses is known to influence the severity of the disease and to contribute to the development of COVID-19 associated cytokine storm (Liu et al., 1996; Maltezou et al., 2021; Shakaib et al., 2021). Moreover, sequelae of disease as well as the risk of irreversible organ damage due to COVID-19 are still far from being properly assessed.
Post-COVID syndrome was described for the first time in spring 2020, characterized by persistent symptoms for many weeks after acute infection resolution (Daga et al., 2021; Fallerini et al., 2021; Maltezou et al., 2021). Patients who do not require hospitalization develop post-COVID syndrome in 10–35% cases, while hospitalized patients showed symptoms for up to 80% (Carvalho-Schneider et al., 2021; Cameli et al., 2021b). Even though they are still poorly understood, the immunological dysregulations are probably associated with post-COVID syndrome: in particular, patients with prolonged symptoms duration maintained antigen-specific T-cell response magnitudes to the virus in CD4+ and increased T follicular helper cells (Tfh) populations throughout late convalescence while those experiencing a full recover demonstrated an decline of these cellular population (d’Alessandro et al., 2020a; Bergantini et al., 2021a; Files et al., 2021; d’Alessandro et al., 2021b). Different common proteins have been proposed as markers of diagnosis, prognosis or severity for COVID-19 development (d’Alessandro et al., 2021a; Pavli et al., 2021; Billoir et al., 2021), although Post-Acute Sequalae of COVID-19 immune signatures associated with these syndromes are very poorly investigated.
Although review papers are available on post-COVID syndrome (Gianola et al., 2020), to the best of our knowledge, there is no specific evidence concerning the similar molecular aspects between COVID-19 syndrome and chronic, irreversible pulmonary sequelae, such as lung fibrosis. Of note, SARS-CoV2-infection induces direct cytopathic effects against type II pneumocytes, that is considered a key event in the pathogenesis of idiopathic pulmonary fibrosis (IPF) (d’Alessandro et al., 2021a).
The aim of this work was to carry out a systematic exploratory search of the literature (Scoping review) to identify and systematize the main pathogenetic mechanisms that are believed to be involved in this phenomenon, in order to highlight the same molecular aspect of the lung. These aims could be essential in the future for therapeutic management.
2 METHODS
A scoping review methodology was used, following the methods called scoping review protocol (Tricco et al., 2018). In this paper, descriptive thematic analysis, later detailed, is used to understand any molecular and/or pathways protein involvement present in both IPF and as a consequences of a COVID-19. This article conforms to the Scale for Assessment of Narrative Review Articles (SANRA) guidelines (Baethge et al., 2019).
2.1 Eligibility Criteria
The inclusion criteria were peer-reviewed empirical or perspective papers (including editorials or commentaries) with 1) relevance to the study topic: Covid-19 disease or pandemic, fibrogenetic pathways, underlying pathogenetic mechanism, reciprocal influence between SARS-COV-2 and fibrotic lung disease; 2) type of journal: preferences for journals relating to the pneumology area with full text or abstract; 3) type of study: review, case report, case series, original article, letter to the editor. Studies were excluded if 1) did not satisfy the relevance to the topic of study; 2) did not adequately report objectives and conclusions; 3) did not carry full text.
2.2 Information Sources and Search
A systematic literature search was conducted from 19 March 2020 to 15 May 2021 in the PubMed, European Centre for Disease Prevention and Control, World Health organization (WHO) Global research on coronavirus disease (COVID-19) (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov), Cochrane Libraryonline database. The search term, which has been included in our Boolean search syntax, is as follows: COVID-19 AND (“lung fibrosis” OR “pulmonary fibrosis” OR “interstitial lung disease”, “pulmonary fibrosis and post-COVID19” OR “pulmonary fibrosis, post- COVID syndrome”). The search was limited to the English language and the availability of the full text and abstracts.
We included elements of the grey literature (e.g., official reports from international organizations), bioXiv, medXiv, arXiv online database. During the initial searches, we have found a living repository of that literature, hosted by the United Nations. That freely accessible repository (https://www.un.org/development/desa/disabilities/covid-19.html (Accessed date: 15 December 2020)) provides key grey literature resources from the United Nations, their specialty agencies, and from partner institutions (e.g., Disabled Person’s Organizations) alike (Management of post-acute, 2021). With this new information, and to produce timely results as intended, we opted to include the grey literature and narrow the review coverage to the peer-reviewed literature and preprint studies. An iterative development process is common in scoping reviews, with some decisions—as long as justified and reported—taken as new information comes by, since scoping reviews usually explore and map out initially unchartered territories (Colquhoun et al., 2020; Jesus et al., 2020; Updated methodological guidance for the conduct of scoping reviews - PubMed, 2021).
2.3 Selection Process
The abstract and titles screenings and the full-text assessments were made against the eligibility criteria and were conducted by two independent reviewers (M.d, E.B.), after pilot screenings with over 80% agreements, overseen by the leading review author (L.B.). Any discrepancies were resolved through consensus or the leading author’s input.
2.4 Data Charting and Items
Following a coding structure elaborated by members of the research team, one author (D.B.) extracted formal data elements (publication type, sources, geographies addressed, objectives and main findings) with a random 5% verified by another (P.C). Regarding the content of the literature included, three independent reviewers (LB, A.M and P.S.) extracted text quotations on 1) consequences of a COVID-19 infection on people 2) or common molecular pattern with lung fibrosis. These independent extractions were later paired for the qualitative data synthesis, which was also informed by a brief synthesis of each paper developed by two reviewers independently. Then, the content of these extractions after being merged (i.e., presented as the combined extractions of all reviewers), as well as reviewers’ combined synthesis of each paper. Flowchart of selected articles were reported in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of selected manuscript.
3 RESULTS
3.1 Synthesis of the Results Simple Descriptive Data
The literature search yielded the entire text. Therefore, we selected 32 studies included the possible involvement of inflammatory cytokines, concerned the renin-angiotensin system, the potential role of galectin-3, epithelial injuries in fibrosis, alveolar type 2 involvement, Neutrophil extracellular traps (NETs) and the others implied other specific aspects (relationship with clinical and mechanical factors, epithelial transition mesenchymal, TGF-β signaling pathway, midkine, caspase and macrophages, genetics). These were reviews or letters to the editor, 10 were original article, which presented original data, albeit sometimes in experimental models. The principal extracellular and intracellular mechanisms were reported in Figures 2, 3, while Figure 4 summerized the main pathological processes that lead to fibrosis.
[image: Figure 2]FIGURE 2 | Intracellular mechanisms involved in post COVID-19 syndrome.
[image: Figure 3]FIGURE 3 | Extracellular mechanisms involved in post COVID-19 syndrome.
[image: Figure 4]FIGURE 4 | Process of development of fibrosis on Sars COV-2 patients.
3.2 Quality Assessment Following SANRA Assessment
The results of SANRA were reported in Table 1. All 96 ratings (3 raters  ×  32 manuscripts) were used for statistical analysis. The mean sum score across all 32 manuscripts was 8.9 out of 12 possible points (SD 2.6, range 7.75–11, median 9). Highest scores were rated for item 4 (referencing) (mean 1.78), item 6 (Appropriate presentation of data) (mean 1.75) and item 1 (Justification of the article’s importance for the readership) (mean 1.65) whereas items 2, 3, 5 had the lowest scores (means of 1.5, 0.84 and 1.43, respectively).
TABLE 1 | SANRA Score for quality assessment.
[image: Table 1]3.3 Cytokine Pathways and Development of Fibrosis
Most of the studies identified “cytokine storm” as the pathogenetic mechanism leading to fibrosis, based on the release of proinflammatory cytokines. In fact, aberrant inflammation associated with dysregulated repair mechanisms and fibrogenesis can lead to fibrogenesis (Bergantini et al., 2021b; Bergantini et al., 2022). Changes in the cellular and molecular environment in lung tissue secondary to viral infection, as found in COVID-19, were the key factors behind fibrosis development. Ongoing damage occurs in tissues secondary to inflammation, leading to overexpression of inflammatory cytokines, including transforming growth factor-β1 (TGF-β), tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interleukin-6 (IL-6). These mediators, in turn, stimulates the proliferation of type 2 alveolar cells and increases the recruitment of fibroblasts. Eventually, the cascade can lead to an increased production and storage of extracellular matrix (ECM), compromising the architecture of alveolar-capillary membrane leading to impaired gas exchange and hypoxemia (Vietri et al., 2019; Alghizzawi et al., 2021). These assumptions are confirmed by Yu MX, et al., that, by exploiting data mining and network pharmacology, showed that the molecular mechanisms of PF secondary to COVID-19 are mainly related to the TNF signaling pathway, the cytokine-cytokine receptor interaction pathway and the NF-κB signaling pathway. Among cytokines, interleukin 6 (IL-6), TNF and IL-1β have been identified as key targets associated with PF secondary to COVID-19 (Yu et al., 2021).
A recent paper by Colarusso C et al. demonstrated that Post Covid patients with lung fibrosis-like symptoms had higher levels of IL-1α and TGF-β, but lower levels of IFN-β (Colarusso et al., 2021). Interestingly it is well known that IL-1α and TGF-β were highly released by peripheral blood mononuclear cells (PBMCs) obtained by patients with IPF, sharing the same immunological alteration (Terlizzi et al., 2022).
Furthermore, as pointed out by Lechowicz K, et al., there are similar cytokine profiles in IPF and COVID-19, suggesting similar pathological mechanisms underlying fibrosis development between these two diseases. Vesicular-type endothelial cells II are a major source of fibrogenic factors: they stimulate the hyperproliferation of type II follicular cells, recruit fibroblasts in fibrotic loci and induce differentiation and activation of fibroblasts in myofibroblasts. Myofibroblasts are responsible for the excessive accumulation of ECM basement membranes and interstitial tissues, which ultimately leads to the loss of alveolar-capillary barrier function (Lechowicz et al., 2020).
Sinha S. and colleagues with the help of artificial intelligence, demonstrating that COVID-19 resembles idiopathic pulmonary fibrosis (IPF) by sharing prognostic signatures. In particular the pathognomonic Alveolar type 2 (AT2) cytopathic changes, associated with DNA damage induced by oxidative stress that culminates into progenitor state arrest, senescence-associated secretory phenotype (SASP) and an IL15-centric cytokine storm faithfully recapitulate the host immune induced by SARS-CoV-2 and IPF (Sinha et al., 2021). From pathogenetic point of view, in IPF patients AT2 cells was shown to release fibrogenic factors and cytokine (including monocyte chemoattractant protein-1 (MCP-1), TGF-β1, TNF-α, IL-1β, and IL-6). Subsequently, a feedback mechanism stimulates hyperproliferation of AT2 cells, followed by the recruitment of fibroblasts into the fibroblastic foci, and induce the latter to begin myofibroblasts, leading to alveolar function loss (Razzaque and Taguchi, 2003; Satija and Lal, 2007).
3.4 The Entrance of the Virus Into the Cells: ACE2 and the Role of Integrins
The renin-angiotensin system (RAS) plays a key role in maintaining blood pressure but is also often involved in lung disease. RAS dysregulation has been implicated in pulmonary fibrosis onset, in particular due to the downstream actions of angiotensin I (Ang I), which is cleaved by ACE into angiotensin II (Ang II); Ang II promotes inflammatory and fibrotic responses through the receptor (AT1R). The other arm in the RAS involves the cleavage of Ang I into Ang (1–9) by (ACE2) and counteracts the ACE arm. Events downstream of Ang (1–9) result in a reduction in inflammation and fibrosis (Gheblawi et al., 2020). In addition, ACE2 also acts on Ang II by converting it into Ang (1–7), which further attenuates inflammation (Wigén et al., 2020). Thus, ACE2 acts as a negative regulator of the renin-angiotensin system. SARS-COV-2 infection is associated with a downregulation ofACE2 expression leading to a ACE/ACE2 ratio imbalance in favor of ACE, thus accelerating the production of angiotensin II (Dalan et al., 2020). The latter, in addition to being a powerful vasoconstrictor, induces the activation of IL-6, TNFα and an increase recruitment of neutrophils and macrophages in alveolar spaces, as well as the direct damage of endothelium. Ang II has also been shown to promote the activation of the collagen I gene via MAPK/ERK in order to generate a fibrotic response (Chang et al., 2021; Giacomelli et al., 2021).
Furthermore, pulmonary fibrosis tissue from IPF patients have shown an increased expression of ACE2 in fibroblasts, make fibrotic patients more susceptible to virus entrance (Shen et al., 2022).
Moreover, SARS-CoV-2 contributes to the activation of the host’s proinflammatory and profibrotic pathways, including those associated with RAS (McDonald, 2021). In support of these hypotheses, the study by Delpino MVet al. points out that higher viral load in respiratory secretions were accompanied by significantly increased serum AngII levels in patients with COVID-19 pneumonia compared to healthy individuals (Delpino and Quarleri, 2020).
Regarding the role of adhesion molecules, it was demonstrated that SARS-CoV-2 virus is able to bind integrins with the consequances of increase viral entry into cells. Αvβ6 Integrin appears to have high affinity for the SARS-CoV-2 virus andit has been directly implicated in IPF pathogenesis, suggesting a link between these seemingly distinct processes (Michalski et al., 2022). In IPF αvβ6 integrin is upregulated and it is able to promote TGFβ1 pro-fibrotic functions. The level of expression correlates with prognosis, making this integrin not only a potential biomarker of disease progression, but also an therapeutic target (John et al., 2020).
3.5 Galectin-3 and Pulmonary Fibrosis
The role of Gal-3 as a mediator of pulmonary fibrosis has long been investigated: higher levels of Gal-3 have now been widely associated with the development of interstitial lung diseases. Following cellular stress, the secretion of Gal-3 by macrophages upregulates TGF-ß receptors on fibroblasts and myofibroblasts. This in turn activates these cells, initiating the formation of granulation tissue (via collagen deposition) which is eventually remodeled into a fibrous scar. This Gal-3 mediated pathway is widespread throughout the body, not just in the lungs, and is critical for the development of fibrotic change in the liver, kidneys and even the heart (Caniglia et al., 2020). Recently, RNAseq analysis performed on several immune cells in the lungs of COVID-19 patients has provided valuable insights in this setting. Indeed, the study by Garcia-Revilla J, Deierborg T et al. (Garcia-Revilla et al., 2020) points out how Gal3 appears to be elevated in proliferative T lymphocytes associated with severe COVID-19 and that in a subset of pro-fibrogenic macrophages, Gal3 was one of the most upregulated genes in association with TREM2 and SPP1, both of which are involved in the disease and in pulmonary fibrosis. Furthermore, it has also been reported that SARS-CoV-2, like the H5N1 influenza virus, can activate the NLRP3 inflammasome by exploiting the action of Gal3 which in turn governs the release of proinflammatory cytokines such as: IL-1, IL-6, TNFα and IL-1β (d’Alessandro et al., 2020b; Garcia-Revilla et al., 2020; d’Alessandro et al., 2021c).
3.6 Other Specific Factors Related to the Development of Lung Fibrosis
3.6.1 Mechanical and Clinical Factors
As mentioned above, it is recognized that the disease caused by SARS-CoV-2 induces the activation of a complex pathway of cytokines that could cause various manifestations lung damage, including a pro-fibrotic pathway (Marchioni et al., 2018). So much so that a similar pro-fibrotic pathway is also involved in the development of some types of pulmonary fibrosis, such as IPF. It should be noted that, in many cases, the clinical syndrome associated with this pathogen is comparable to acute distress syndrome (ARDS), in which fibrotic damage is a possible and well-known consequence.
However there is also significant controversy within the pulmonary community as to the “uniqueness” of COVID-19 ARDS induced pulmonary fibrosis (Bos, 2020).
Mechanical ventilation may also play a role in worsening lung damage and easing the development of fibrosis, and some patients have shown the presence of fibrosis, even after different types of support and varying disease severity. Furthermore, the potential pro-fibrotic role represented by oxygen free radicals (ROS) produced by the prolonged and intensive use of a high-flow oxygen therapy must also be considered (Scelfo et al., 2020).
4 ENDOTHELIUM-MESENCHIMAL AND EPITHELIUM-MESENCHIMAL TRANSITION
Endothelium-mesenchymal transition occurs when endothelial cells respond to an external insult or internal pathological condition, transforming into a more aggressive mesenchymal state, causing irreversible vascular damage or fibrosis (Yang et al., 2020). Like the endothelium-mesenchymal transition, the epithelium-mesenchymal transition (EMT) is also known to play a crucial role in organ fibrosis. In this process, epithelial cells transform into a mesenchymal phenotype accompanied by basement membrane degradation, epithelial loss and mesenchymal protein gain (Yang et al., 2020). It would appears that this insidious viral infection leads to increased activation of epithelial and endothelial cells through endothelium-epithelial mesenchymal transitions, thus again potentially contributing to post-COVID-19 pulmonary fibrosis (Eapen et al., 2020).
The shared origin of epithelial injury between COVID-19-related ARDS and diseases such as IPF likely represents another unifying aspect of pulmonary fibrosis. Given the connection between the degree of epithelial injury and subsequent fibrosis, these associations could be indicative of a more severe manifestation of post-ARDS fibrosis than other virally-mediated etiologies.
This may also explain why others have described COVID-19-related ARDS as distinct from other types of ARDS (Sisson et al., 2010; Evidence of typepneum, 2022).
Another important mechanisms that highlight similarity between pulmonary fibrosis and COVID-19 regards the role of surfactant proteins. Surfactant is able to form a layer on the alveolar epithelium. At this level, surfactant reduce surface tension that allow the expansion of alveoli and gas exchange (Agassandian and Mallampalli, 2013). Surfactant also participate in host defense against infections and inflammation (Wang et al., 2021a). Alveolar type 2 cells is able to synthesize, secrete, andrecycle pulmonary surfactant, fundamental factor for alveolar stability and host immunity (Calkovska et al., 2021). Moreover it is important to evidence that AT2 produce cytokines and grow factors that affect immunity of the lungs (Calkovska et al., 2021). Surfactant proteins- A, B, C, and D are the main protein of surfanctant.
Several author reported the depletion of surfactant through virus-induced lysis of Type II pneumocytes with associated hyaline membrane formation in COVID-19 ARDS patients (Xu et al., 2020a).
It is also known that polymorphisms of Surfactant Protein (SP)-A, B and D showed association with idiopathic pulmonary fibrosis and various other pulmonary diseases (Wang et al., 2021a).
For these reasons the treatment with surfactant has been proposed for COVID-19 patients (Piva et al., 2021).
5 THE ROLES OF TGF-Β
TGF-β is a highly expressed key player in nearly all fibrotic processes.
This cytokine promotes redox imbalance by increasing the level of ROS and suppressing antioxidant enzymes. In viral infection-induced pulmonary fibrosis (including SARS-COV-2), oxidative stress increases in epithelial cells, thereby stimulating the production and release of TGF-β, leading to excessive migration, proliferation, activation and differentiation of fibroblasts into myofibroblasts. The latter cells are an important producer of collagenous and non-collagenous matrix molecules. Furthermore, TGF-β regulates AngII-induced collagen expression with subsequent accumulation and inflammation of ECM. In this scenario, activated fibroblasts induce further injury and death in alveolar epithelial cells, thus creating a vicious circle of interactions between profibrotic epithelial cells and fibroblasts that leads to the formation of non-functional scar tissue. Furthermore, TGF-β could also be responsible for inhibiting the expression of the Mas receptor for Ang1-7 in fibroblasts, thus antagonizing the antifibrotic capabilities of the hepatopeptide. In this microenvironment, TGF-β will be able to act on alveolar macrophages by stimulating the secretion of IL-4, IL-6 and IL-13, thus favoring the development of fibrosis (Delpino and Quarleri, 2020). As proof of this, TGF-β messenger RNA transcripts have been observed significantly in alveolar epithelial cells after SARS-CoV-2 infection (Xu et al., 2020b). Furthermore, under stimulation of repeated lesions or inflammation, TGF-β can recruit the type I receptor (TGFB1), thus activating intracellular signaling pathways, in particular the SMAD pathway, with upregulation of the expression of fibrosis-related genes (COL1A1, COL3A1, TIMP1, etc.,) and to the deposition of the extracellular matrix (Vaz de Paula et al., 2021; Zhang et al., 2021). Another interesting thing is that the SARS-CoV-1 nucleocapsid protein can directly promote the upregulation of TGF-β expression. Considering that the similarity of the nucleocapsid protein between SARS-CoV-2 and SARS-CoV-1 is up to 90%, it is possible to hypothesize that SARS-CoV-2 will also have a similar molecular mechanism (Wang et al., 2020). Very recently a study on the autopsy of COVID-19 patients analyzing the morphological and dynamics changes in the pulmonary parenchyma. Type II pneumocyte hyperplasia, alveolar cell multinucleation, and endothelitis resulted the most common alteration observed in this cohort, but without specificity. However the onset of these changes correlates to the onset of clinically established complications and also with the early detection of the development of severe post-COVID syndrome complications (Stoyanov et al., 2021).
6 ROLE OF MACROPHAGES
Macrophages are deeply involved in the “dialogue” between innate and adaptive immunity. The function and polarization of macrophages vary greatly depending on their anatomical location and the physical environment in which they are found. Pulmonary macrophages are divided into two subgroups based on their location: alveolar macrophages and interstitial macrophages. In addition to classification by location, macrophages can dynamically move between two activated forms: classically activated (M1) and alternately activated (M2), in response to ever-changing environmental factors. M1 macrophages act primarily as a host defense system to eliminate pathogens by generating pro-inflammatory chemokines and cytokines such as TNF-α, while M2 macrophages exhibit anti-inflammatory properties and engage in remodeling of the extracellular matrix. M2 macrophages are actively involved in the pathogenesis of pulmonary fibrosis (Wang et al., 2020). Furthermore, there is compelling evidence that DNA methylation, one of the main epigenetic mechanisms, is also involved in the pathogenesis of pulmonary fibrosis (Sanders et al., 2012; McErlean et al., 2021). In this regard, there are proteins called MBD, in particular MBD2, which by binding to these methylated areas mediate their activation or repression. Going into more detail, MBD2 improves PI3K/Akt signaling to promote the M2 program of macrophages and consequently the fibrogenesis process. All this is extremely important because MBD2 was found to be highly expressed in pulmonary macrophages of patients with COVID19 and that the loss of MBD2 leads to a marked reduction in the accumulation of M2 macrophages in the lung, with a reduction in fibrotic commitment (Wang et al., 2021b; McErlean et al., 2021).
6.1 Role of Caspasi 8
Caspase 8 is the main regulator of several cell death pathways, including apoptosis, necroptosis and pyroptosis. Its role in regulating inflammatory responses has recently been reported in the context of fungal infection (Gringhuis et al., 2012). It would appear that SARS-CoV-2 induces activation of caspase-8 to trigger cell apoptosis and to directly process inflammatory factors such as pro-IL-1β, which are essential later to trigger the pulmonary fibrotic process. Consistent with this notion, massive infiltrations of inflammatory cells, necrotic cell debris, and interstitial fibrosis have been observed in the post-mortem lungs of COVID-19 patients. Overall, these mechanisms could lead to severe lung damage and immune pathogenesis during SARS-CoV-2 infection. Thus, this suggests that caspase-8 activation may play a central role in SARS-CoV-2-induced apoptosis and inflammatory and fibrotic responses (Li et al., 2020).
6.2 Role of Midkine and NETosis
Midkine is a heparin-binding growth factor and shows a physiological role in embryonic development (Kadomatsu et al., 1988). It is also poorly expressed in the cells of the adult organism, while it is strongly increased in tumor cells and correlated with a less favorable prognosis in cancer patients (Maeda et al., 2007). As demonstrated by the study by Weckbach et al. it should be noted that midkine is significantly involved in causing inflammation and in the production of proinflammatory cytokines (Weckbach et al., 2011). This growth factor is also an important physiological mediator of RAS and has been found to be significantly increased in patients with ARDS (Kadomatsu, 2010; Zhang and Baker, 2017). Furthermore, midkine, in viral infections, including COVID-19, may promote the infiltration of neutrophils, the formation of NETs and be involved in lung remodeling and fibrosis, through the deposition of collagen through Nox1, MK, Notch2 signaling pathway.
Different factors inducing NETs resulted increased in autopsies of COVID-19 patients (Middleton et al., 2020). In fact NETs promoting cytokine storm through NFκB pathway activation in alveolar epithelial cells that triggers ROS production. Furthermore, NETs can induce the EMT in lung epithelial cells, thus further supporting NET role in fibrosis pathogenesis (Middleton et al., 2020; Pandolfi et al., 2021; d’Alessandro et al., 2022). So much so that anti-midkine monoclonal antibodies have been proposed as a new potential therapeutic strategies in COVID-19 (Sanino et al., 2020).
6.3 Genetic Aspects
From a genetic point of view, not much evidence is available in the literature: most studies try to investigate the genetic correlations between IPF and severe COVID-19. In this regard, in one of these studies, it was observed that the most important genetic risk factor for IPF, the variant MUC5B, seems to confer protection against COVID-19. However, it should be noted that the observed effect could be due to the protective effects of mucin overproduction on the airways or be a consequence of the selection bias. Therefore, further investigation is needed to address this apparent paradox (Fadista et al., 2021). Furthermore, in another study based on experimental models, it was found that SARS-CoV-2 infection increases the messenger RNA transcripts of ACE2, TGFB1, CTGF and FN1 in alveolar epithelial cells. These same changes were also found in the lung tissues of patients with pulmonary fibrosis (Xu et al., 2020b).
The epigenetic alteration has also been suggested in the pathogenesis of post-Covid patients developed pulmonary fibrosis. In COVID-19, patients bearing shorter telomeres in their peripheral leukocytes have been proposed to be at risk of worse prognoses. Telomere length is a marker of aging: progressive telomere shortening is a well-characterized phenomenon observed in older adults and attributed to the so-called telomere attrition (Mongelli et al., 2021). Telomere shortening is a strong predictive factor of poor prognosis in patients with IPF and short telomeres have more rapid disease progression (Molina-Molina, 2019; Mongelli et al., 2021).
7 CONCLUSION
In general, fibrosis is a normal repair process and is almost inevitably preceded by other tissue changes and inflammatory reactions. In the case of repeated or chronic lung damage, fibrosis becomes aberrant wound healing due to the dysregulation of the fibroblasts and the extensive deposition of collagen and elastin. While pulmonary fibrosis development and progression is the main actor of IPF, fibrogenic processes are also present in the evolution of COVID-19.
The topic of the pathogenetic mechanism of post-Covid-19 pulmonary fibrosis is currently a topic of intense research interest, but still largely at a speculative level. From the development of these researches, progress in the knowledge of the phenomenon and hopefully in its prevention and therapy may originate.
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Tissue remodeling/fibrosis is a main feature of idiopathic pulmonary fibrosis (IPF), which results in the replacement of normal lung parenchyma with a collagen-rich extracellular matrix produced by fibroblasts and myofibroblasts. Epithelial-mesenchymal transition (EMT) in type 2 lung epithelial cells is a key process in IPF, which leads to fibroblasts and myofibroblasts accumulation and excessive collagen deposition. DEC1, a structurally distinct class of basic helix-loop-helix proteins, is associated with EMT in cancer. However, the functional role of DEC1 in pulmonary fibrosis (PF) remains elusive. Herein, we aimed to explore DEC1 expression in IPF and bleomycin (BLM)-induced PF in mice and the mechanisms underlying the fibrogenic effect of DEC1 in PF in vivo and in vitro by Dec1-knockout (Dec1−/−) mice, knockdown and overexpression of DEC1 in alveolar epithelial cells (A549 cells). We found that the expression of DEC1 was increased in IPF and BLM-injured mice. More importantly, Dec1−/− mice had reduced PF after BLM challenge. Additionally, DEC1 deficiency relieved EMT development and repressed the PI3K/AKT/GSK-3β/β-catenin integrated signaling pathway in mice and in A549 cells, whereas DEC1 overexpression in vitro had converse effects. Moreover, the PI3K/AKT and Wnt/β-catenin signaling inhibitors, LY294002 and XAV-939, ameliorated BLM-meditated PF in vivo and relieved EMT in vivo and in vitro. These pathways are interconnected by the GSK-3β phosphorylation status. Our findings indicated that during PF progression, DEC1 played a key role in EMT via the PI3K/AKT/GSK-3β/β-catenin integrated signaling pathway. Consequently, targeting DEC1 may be a potential novel therapeutic approach for IPF.
Keywords: pulmonary fibrosis, differentiated embryonic chondrocyte expressed gene 1, epithelial-mesenchymal transition, PI3K/AKT/GSK-3β/β-catenin integrated signaling pathway, bleomycin, TGF-β1
1 INTRODUCTION
Idiopathic pulmonary fibrosis (IPF), the most common type of idiopathic interstitial pneumonia (IIP), is a chronic, irreversible and typically fatal fibrotic lung disease, which is characterized by overproduction and disorganized deposition of extracellular matrix (ECM) proteins, together with abnormal proliferation of mesenchymal cells, ultimately leading to distortion of pulmonary architecture and impairment of pulmonary functions (Okamoto et al., 2011; Wolters et al., 2018). The incidence and prevalence of IPF reportedly range from 2 to 30 cases per 100,000 person-years and 10–60 cases per 100,000 people, respectively. The disease has a grave prognosis with an estimated median survival time of 3–5 years following diagnosis if untreated (Martinez et al., 2017). Currently, only two drugs, nintedanib and pirfenidone, are FDA-approved for the treatment of IPF, but they only reduce the rate of lung function decline, and they may have several serious side effects (Kasam et al., 2020). At present, the pathogenesis of IPF is poorly understood. Therefore, it is necessary to investigate the precise mechanisms underlying IPF and identify new antifibrotic therapeutic approaches.
In recent years, the proposed mechanisms involved in IPF have been reported to include epithelial cell dysfunction, fibroblast proliferation and excessive ECM production (Inoue et al., 2020). Dysregulation of type 2 alveolar epithelial cells (AEC2s) is thought to be central in fibrogenesis in IPF (Richeldi et al., 2017). Fibroblasts and myofibroblasts, which express the contractile protein, α-smooth muscle actin (α-SMA), and produce excessive ECM, are the key sources of ECM and are implicated in the pathogenesis of pulmonary fibrosis (PF). In the lung, myofibroblasts are mainly derived from activated lung fibroblasts. Additionally, it has been reported that epithelial microinjuries (of a yet unknown cause) trigger abnormal epithelial-mesenchymal interactions and pathogenesis of IPF(Fernandez and Eickelberg, 2012). More importantly, emerging evidence suggests that epithelial-mesenchymal transition (EMT) of alveolar epithelial cells contributes to the cellular origin of fibroblasts and myofibroblasts accumulation, ultimately resulting in the development of PF (Chen et al., 2013; Goldmann et al., 2018; Hill et al., 2019). EMT is a multifunctional process in which epithelial cells lose the epithelial phenotype and acquire the mesenchymal phenotype, accompanied by down-regulation of epithelial cell marker (e.g., E-cadherin) and upregulation of mesenchymal cell marker (e.g., N-cadherin and Vimentin), thereby promoting PF development (Thiery et al., 2009; Peng et al., 2020). A growing body of research has demonstrated that many signaling pathways are involved in the regulation of EMT induced during fibrosis (Gonzalez and Medici, 2014). Recently, several signaling pathways have been regarded as important regulators of EMT in IPF. These include phosphoinositide 3-kinase (PI3K)/AKT-, Wnt-, transforming growth factor-beta (TGF-β)- and vascular endothelial growth factor (VEGF)-dependent pathways (Yan et al., 2014). Hence, elucidation of the underlying molecular mechanism may ultimately be beneficial for obtaining innovative therapeutic strategies against IPF.
Human differentiated embryonic chondrocyte expressed gene 1 (DEC1), also known as BHLHE40/Stra13/Sharp2, belongs to a structurally distinct class of basic helix- loop-helix (bHLH) proteins (Sato et al., 2016). It has been considered as a signaling mediator of diverse physiological processes including circadian rhythmicity, immunity, proliferation, apoptosis, senescence, tumorigenesis, and fibrosis (Honma et al., 2002; Qian et al., 2008; Gallo et al., 2018; Jia et al., 2018; Jarjour et al., 2019; Le et al., 2019; Li et al., 2019). A previous study has reported that Dec1 deficiency suppressed cardiac perivascular fibrosis in hypertrophic hearts induced by transverse aortic constriction (TAC), resulting in preserved cardiac function (Le et al., 2019). However, the significance of DEC1 in PF has never been investigated.
In this study, we aimed to elucidate the effects of DEC1 on bleomycin (BLM)-induced PF and EMT in mice, and on TGF-β1-induced EMT in A549 cells. Furthermore, we explored the underlying downstream signaling mechanisms regulated by DEC1 in vivo and in vitro.
2 MATERIALS AND METHODS
2.1 Reagents
Bleomycin was purchased from HANHUI PHARMACEUTICALS CO., LTD. (Zhejiang, China). Recombinant human TGF-β1 (Cat. No.: 100-21-2) was obtained from Peprotech (Rocky Hill, NJ, United States). The PI3K/AKT and Wnt/β-catenin pathway inhibitors, LY294002 (Cat. No.: HY-10108) and XAV-939 (Cat. No.: HY-15147), respectively, were obtained from MedChem Express (Monmouth Junction, NJ, United States). Dimethyl sulfoxide (DMSO) was purchased from Sigma–Aldrich (St. Louis, MO, United States). All other solvents used in this study were of an analytical grade or higher and acquired from commercial sources.
2.2 Human Samples
Lung tissues from IPF patients (n = 3) were collected in Zhongnan Hospital of Wuhan University. Three normal lung tissues from resection of cancer were used as control. Patients were diagnosed with IPF according to the American Thoracic Society (ATS)/European Respiratory Society (ERS) consensus diagnostic criteria (Raghu et al., 2018).
2.3 Gene Expression Omnibus (GEO) Database Analysis
Search for the keyword “IPF” in the GEO database, the website is https://www.ncbi.nlm.nih.gov/geo/. Identify the biochip data related to IPF, compare the IPF in the chip data with normal lung tissue, and analyze the differential expression of DEC1 between IPF and normal lung tissue. This study uses two gene chips (GSE53845 and GSE5774), of which the GSE53845 chip belongs to GPL6480 (Agilent-014850 Whole Human Genome Microarray 4 × 44K G4112F), including 40 cases of IPF and 8 cases of normal human lung tissue samples; GSE5774 chip belongs to GPL4225 (NIH- NIEHS/Agilent Human Familial IIP 43K array), including 26 cases of IIP and 9 cases of normal human lung tissue samples.
2.4 Animal Experiments
2.4 1 Experimental Animals
Dec1+/− (C57BL/6 background) male and female mice were acquired from Prof. Yang Jian (Nanjing Medical University, Nanjing, China), whose Dec1-knockout (Dec1−/−) mice (RBRC04841) were originally obtained from RIKEN BioResource Center. Dec1+/− males and females were mated to obtain male WT (Dec1+/+) and KO (Dec1−/−) littermates for experiments. All healthy male mice, weighing 20–26 g (9–10 weeks old) were kept under pathogen-free conditions on a 12-h light/dark cycle, at a room temperature of 25 ± 2°C and a relative humidity of 55 ± 5%. Before the PF model was established, the mice underwent an acclimatization period of at least 1 week.
2.4 2 Murine Model of Pulmonary Fibrosis
To induce PF, mice were anesthetized with pentobarbital (6 ml/kg 1% pentobarbital) and treated once with 50 µL of 2.5 mg/kg BLM via intratracheal instillation on day 0. Mice in the control group received an equal volume of sterile saline.
2.4 3 Animal Experimental Groups

1) To investigate the effect of DEC1 on PF, EMT and the activity of the PI3K/AKT/GSK-3β/β-catenin integrated signaling pathway, mice were randomly divided into four groups: WT + control group, WT + BLM group, KO + control group and KO + BLM group. BLM was dissolved in saline.
2) To verify the participation of the PI3K/AKT/GSK-3β/β-catenin integrated signaling pathway in PF, mice were randomly assigned into four groups: WT + BLM group, WT + BLM + DMSO group, WT + BLM + LY294002 group and WT + BLM + XAV-939 group. Mice began to receive the inhibitors (LY294002 and XAV-939) or DMSO via intraperitoneal injection 1 day before the BLM administration and LY294002 was administrated every other day for 21 days (25 mg/kg per injection) and XAV-939 was injected once daily for 11 days (10 mg/kg per injection). DMSO (10%) diluted in saline was used as a control and to dissolve the inhibitors (LY294002 and XAV-939).
On day 21 after the BLM or 0.9% saline intervention, the mice were anesthetized with 1% pentobarbital sodium or sacrificed under CO2, and were then subjected to bronchoalveolar lavage, and finally the lung tissues were rapidly collected. The left lung tissues were fixed in 4% paraformaldehyde for histological analysis, and the right lung tissues were stored at –80°C until being used for the hydroxyproline assay, quantitative real-time PCR (qRT-PCR) and western blotting.
2.5 Cell Culture and Intervention
A549 cell line were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Hyclone, UT, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco, Waltham, MA, United States) and 1% antibiotics (100 μg/ml streptomycin and 100 μg/ml penicillin) at 37°C in a 5% CO2 incubator.
To induce the EMT model in vitro, cells at 50–60% confluence were starved with serum-free medium for 12 h, and then subjected to recombinant human TGF-β1 (10 ng/ml) for 48 h. Cells were assigned into different groups as follows:
1) control group and TGF-β1 group.
2) shRNA-NC group, shRNA-DEC1 group, TGF-β1 + shRNA-NC group and TGF-β1 + shRNA-DEC1 group.
3) Vector group, DEC1 cDNA group, DEC1 cDNA + LY294002 group and DEC1 cDNA + XAV-939 group. A549 cells were treated with LY294002 or XAV-939 for 1 h prior to the transfection with DEC1 plasmids. LY294002 and XAV-939 were dissolved in 0.1% DMSO and diluted to 10 μM during cell treatment.
2.6 Cell Transfections
Lentiviruses containing short hairpin RNAs specially targeting DEC1 (shRNA-DEC1) or the scramble control short hairpin RNA (shRNA-NC) were purchased from GeneChem (Shanghai, China). Cells were cultured for 24 h in a 6-well plate (8 × 104 cells/well), and then transfected with scrambled shRNA or DEC1 shRNA at a MOI of 40. After 8 h, the medium was replaced with 10% RPMI-1640 medium for 72 h when the cells reached 70–80% confluence. Then the cells were incubated with 3 μg/ml puromycin to select stable cell line. Knockdown efficiency was verified by western blotting. For DEC1 overexpression plasmids construction and transfection, human DEC1 cDNA was purchased from GeneChem (Shanghai, China). Transfection was carried out using the Lipo8000™ Transfection Reagent (Beyotime, Shanghai, China) according to the manufacturer’s instructions. Overexpression efficiency was verified by western blotting.
2.7 Quantitative Real-Time PCR (qRΤ-PCR)
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. RNA reverse transcription was conducted using ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan) and qPCR was performed using UltraSYBR Mixture (CWBIO, Beijing, China). The relative mRNA expression levels were measured on the basis of the Ct value and relative to the endogenous reference gene, GAPDH, in accordance with the 2 −ΔΔCt method.
The mouse primer sequences used in the study were listed as follows: DEC1: forward, 5′-CGT​TGA​AGC​ACG​TGA​AAG​CA-3′, reverse, 5′-AAGTACCTC ACGGGCACAAG-3′; E-cadherin: forward, 5′-GACCG GAAGTGACTCGAAATG- 3′, reverse, 5′-CCC​TCG​TAA​TCG​AAC​AC CAAC-3′; Vimentin: forward, 5′-GCAGT ATGAAAGCGTGGCTG-3′, reverse, 5′-GCT​CCA​GGG​ACT​CGT​TAG​TG-3′; α- SMA: forward, 5′-GGA​CGT​ACA​ACT​GGT​ATT​GTG​C-3′, reverse, 5′-TCGGCAGTAGTC ACGAAGGA-3′; COL1A1: forward, 5′-GAC​GGG​AGT​TTC​TCC​TCG​G G-3′, reverse, 5′-GGG​ACC​CTT​AGG​CCA​TTG​TG-3′; COL1A2: forward, 5′-GGGCAAAA GAGAAGGATTGGTC-3′, reverse, 5′-AGCC ACAAGTGGTGCGAAT-3′; MMP2: forward, 5′-ACCTGAACACTTTC TATGGCTG-3′, reverse, 5′-CTTCCGCATGGTC TCGATG-3′; GAPDH: forward, 5′-TGA​AGG​GTG​GAG​CCA​AAA​G-3′, reverse, 5′-AGTCTTC TGGGTGGCAGTGAT-3′.
The human primer sequences used in the study were listed as follows: DEC1: forward, 5′-ATC​CAG​CGG​ACT​TTC​GCT​C-3′, reverse, 5′-TAAT TGCGCCG ATCCTTTCTC-3′; E-cadherin: forward, 5′- GAGAACGCA TTGCCACATACAC-3′, reverse, 5′-GCA​CCT​TCC​ATG​ACA​GAC​CC-3′; Vimentin: forward, 5′- AGTCCACT GAGTACCGGAGAC-3′, reverse, 5′- CAT​TTC​ACG​CAT​CTG​GCG​TTC-3′; GAPDH: forward, 5′-GTC​TCC​TCT​GAC​TTC​AAC​AGC​G-3′, reverse, 5′-ACCACCCTGTTG CTGTAGCCAA-3′.
2.8 Western Blotting
Proteins were extracted from lung tissues and A549 cells using RIPA lysis buffer (Sigma–Aldrich, St. Louis, MI, United States) supplemented with PMSF (Beyotime, Shanghai, China) and Phosphatase Inhibitor Cocktail (CWBIO). Tissue and cell lysates were centrifuged at 12,000 × g for 15 min at 4°C, and then the supernatants were immediately collected. Equal protein quantities were then subjected to 10% SDS-PAGE, transferred onto poly-vinylidene fluoride membranes (Millipore, Bedford, MA, United States), blocked with 5% skim milk for 1 h at room temperature, and then incubated with the indicated primary antibodies at 4°C overnight. The primary antibodies were as follows: DEC1 (NB100-1800SS, Novus, Centennial, CO, United States), E-cadherin (3,195, CST, Danvers, MA, United States), N-cadherin (13,116, CST), Vimentin (5,741, CST), AKT1/2/3 (ab179463, Abcam, Cambridge, MA, United States), p-AKT (Ser473) (4,060, CST), GSK-3β (ab32391, Abcam), p-GSK-3β (Ser9) (5,558, CST), β-catenin (ab32572, Abcam) and GAPDH (AS1039, Aspen, Wuhan, China). The membranes were then incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibodies for 1 h at room temperature. Subsequently, the specific protein bands were visualized with an enhanced ECL kit (Thermo Fisher Scientific, Waltham, MA, United States), and then exposed to the electrochemiluminescence (ECL) system (Tanon, Shanghai, China).
2.9 Determination of Lung Hydroxyproline Level
To measure the total collagen content of the left lung, the hydroxyproline contents of lung tissues on day 21 after BLM administration were measured using the Hydroxyproline assay kit (Cat. No.: A030-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in accordance with the manufacturer’s method.
2.10 Histopathology Analysis
The lung samples were fixed with 4% formaldehyde, followed by de-hydration and embedding in paraffin. The tissues were cut into 3-μm-thick transverse sections. Then, hematoxylin and eosin (H&E) and Masson’s trichrome staining were performed using standard techniques. The degree of lung fibrosis was evaluated using the Ashcroft method (Ashcroft et al., 1988).
2.11 Immunofluorescence
For tissue Immunofluorescence (IF) staining, formalin-fixed and paraffin-embedded sections were deparaffinized in xylene, hydrated with an ethanol gradient and briefly washed with distilled water. Paraffin sections were placed in a repair box filled with EDTA antigen retrieval buffer (pH 8.0) and heated in a microwave oven for antigen retrieval. Next, the sections were incubated with goat serum for 30 min, followed by incubation with primary antibodies at 4°C overnight. The next day, the sections were incubated with different fluorescein-conjugated secondary antibodies for 50 min at room temperature in the dark, and nuclear staining with DAPI was performed for 10 min. Finally, images of IF staining were taken using a fluorescence microscope.
For cell IF staining, cells were plated and grown on sterilized glass coverslips. Cells were washed three times with cold PBS and fixed with 4% paraformaldehyde for 30 min, and then incubated with primary antibodies at 4°C overnight. Next, cells were incubated with fluorescein-labeled goat anti-rabbit secondary antibodies for 50 min at 37°C in the dark. Nuclear staining with DAPI was performed for 10 min. The cells were observed under a fluorescence microscope.
2.12 Statistical Analysis
All data in this study were analyzed with SPSS 21.0 or GraphPad Prism 8.0 and were presented as means ± SEM of at least three independent experiments. Student’s t-test and one-way ANOVA were used for comparison between two or multiple groups. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 DEC1 Is Increased in Idiopathic Pulmonary Fibrosis Patients and Bleomycin-Stimulated Pulmonary Fibrosis in Mice
Before we study the functional role of DEC1 in PF, we first measured the expression of DEC1 in lung tissues from IPF patients. Just as we expected, DEC1 expression was obviously increased in the lungs from IPF (Figures 1A,B). Additionally, we found that DEC1 was highly expressed in IPF and IIP patients by analyzing data from GEO database (GSE53845 and GSE5774) (Figure 1C). To further address our assumption, we examined DEC1 expression in the BLM-induced PF murine model. We noticed that BLM significantly upregulated the protein and mRNA expression of DEC1 in lung tissues (Figures 1D–H). Consequently, these results verify that the expression of DEC1 is obviously enhanced in IPF patients and BLM-induced mice.
[image: Figure 1]FIGURE 1 | DEC1 is increased in IPF patients and BLM-stimulated PF in mice. (A) Representative HE staining and Masson’s trichrome staining of lung tissues from normal people and IPF patients. Scale bar = 200 μm n = 3. (B) Representative immunofluorescence staining of DEC1 (red) in the lung sections from normal people and IPF patients. Nuclei are stained with DAPI (blue). Scale bar = 50 μm n = 3. (C) The expression of DEC1 in the lung tissues from healthy people, IPF patients and IIP patients by analyzing GEO database. (D) The protein expression of DEC1 in the lung tissues were detected by western blotting. n = 6. (E) Statistical analysis of relative expression levels of proteins in (D). (F) The mRNA expression of DEC1 in the lung tissues were measured by qRT-PCR. n = 6. (G) Representative HE staining and Masson’s trichrome staining of lung tissues in mice. Scale bar = 200 μm n = 6. (H) Representative immunofluorescence staining of DEC1 (red) in the lung tissues of mice. Nuclei are stained with DAPI (blue). Scale bar = 50 μm n = 6. All data are shown as the mean ± SEM. Statistical analysis was performed by student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.2 Dec1 KO Ameliorates Bleomycin-Induced Pulmonary Fibrosis in Mice
The role of DEC1 in PF induced by BLM was investigated using Dec1 KO (Dec1−/−) mice. The genotypes of the mice were identified by the protocol provided by Nanjing Medical University (Supplementary Figure S1A). After WT and KO mice were administrated with BLM or saline for 21 days, lung tissues were collected for analysis. Firstly, WT mice exposed to BLM demonstrated obvious deposition of collagen in the lungs compared with saline-treated WT mice, whereas the collagen content was clearly reduced in BLM-induced KO mice (Figures 2A,C). To quantify lung fibrosis, we evaluated the Ashcroft score in the lung sections images. As shown in Figure 2B, BLM-induced WT mice attained a higher Ashcroft score compared with saline-treated WT mice, whereas BLM-induced KO mice acquired lower scores compared with BLM-induced WT mice. Furthermore, we evaluated the mRNA expression of several fibrosis-related markers in the different groups, such as α-SMA, COL1A1, COL1A2, and MMP2. BLM significantly induced the expression of these fibrosis-related markers in WT mice; however, this induced expression was attenuated in the KO mice (Figure 2D). The protein levels of α-SMA and collagen I were altered in accordance with the mRNA results above (Figures 2E,F). Namely, Dec1 KO suppressed the expression of fibrosis-related markers in the BLM-induced PF model. To sum up, DEC1 expression is increased in the BLM-induced PF model in mice and Dec1 KO ameliorates the BLM-induced PF, suggesting that DEC1 is involved in the development of BLM-induced PF.
[image: Figure 2]FIGURE 2 | Dec1 KO ameliorates BLM-induced PF in mice. WT and KO mice were treated with a single intratracheal injection of BLM (2.5 mg/kg) or saline for 21 days. (A) Representative HE staining and Masson’s trichrome staining of lung tissues in mice. Scale bar = 200 μm. (B) Ashcroft score was measured using the Ashcroft method. (C) Total collagen levels were assessed by measuring hydroxyproline content in the lung tissues of mice. (D) The mRNA expression of α-SMA, COL1A1, COL1A and MMP2 in the lung tissues of mice were measured by qRT-PCR. (E) The protein expression of α-SMA and collagen I in the lung tissues of mice were detected by western blotting. (F) Statistical analysis of relative expression levels of proteins in E. n = 6. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.3 Dec1 KO Inhibits EMT in the Bleomycin-Induced Pulmonary Fibrosis Murine Model
To investigate the mechanism involved in the development of PF in vivo, we examined the expression of the classic EMT-related markers, E-cadherin, N-cadherin and Vimentin, in the lung tissues of mice. EMT, the transition from an epithelial to a mesenchymal state, is one of the crucial processes in PF (Yang et al., 2019; Skibba et al., 2020). BLM induced the development of EMT in WT mice, which was associated with significant downregulation of the protein expression of the epithelial cell marker E-cadherin, and the upregulation of the protein level of the mesenchymal cell markers, N-cadherin and Vimentin. In contrast, the accumulation of E-cadherin was significantly increased and the expression of N-cadherin and Vimentin was obviously decreased in the BLM-induced Dec1 KO mice compared with the BLM-induced WT mice (Figures 3A–C). Furthermore, the transcription levels of E-cadherin and Vimentin were regulated consistently with the corresponding protein results (Figure 3D). Additionally, as for TGF-β1 is a strong inducer of EMT, we made an examination of TGF-β1 in BALF, BLM significantly upregulated the concentration of TGF-β1 in mice BALF. However, TGF-β1 expression induced by BLM was attenuated in Dec1-knockout mice (Figure 3E). These results indicate that Dec1 KO impedes the development of EMT in the BLM-induced PF model.
[image: Figure 3]FIGURE 3 | Dec1 KO inhibits EMT in the BLM-induced PF murine model. WT and KO mice were treated with a single intratracheal injection of BLM (2.5 mg/kg) or saline for 21 days. (A) Dual immunofluorescent analysis for E-cadherin and Vimentin expression in the lungs tissue of mice. Scale bar = 50 μm. (B) The protein expression of E-cadherin, N-cadherin and Vimentin in the lung tissues of mice were measured by western blotting. (C) Statistical analysis of relative expression levels of proteins in (B). (D) The mRNA expression of E-cadherin and Vimentin in the lung tissues of mice were assessed by qRT-PCR. (E) TGF-β1 levels in BALF of mice. n = 6. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.4 Dec1 KO Suppresses the Activation of the PI3K/AKT/GSK-3β/β-Catenin Signaling Pathway in the Bleomycin-Induced Pulmonary Fibrosis Murine Model
Next, we explored the specific signaling pathways involved in EMT during BLM-induced PF. To this end, we assessed the role of DEC1 in the PI3K/AKT/GSK-3β/β-catenin signaling pathway. We found that BLM upregulated AKT and GSK-3β phosphorylation and the level of β-catenin protein without obvious changes in the total AKT and GSK-3β expression levels in WT mice. In contrast, the levels of p-ser473-AKT, p-ser9-GSK3β and β-catenin were effectively decreased in BLM- induced KO mice, suggesting an involvement of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in BLM-induced PF in vivo and that Dec1 KO inhibits the activation of this BLM-induced pathway (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Dec1 KO suppresses the activation of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in the BLM-induced PF murine model. WT and KO mice were treated with a single intratracheal injection of BLM (2.5 mg/kg) or saline for 21 days (A) The protein expression of p-ser473-AKT, AKT, p-ser9-GSK3β, GSK-3β and β-catenin in the lung tissues of mice were detected by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. n = 6. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.5 Inhibition of the PI3K/AKT/GSK-3β/β-Catenin Signaling Pathway Relieved Bleomycin-Induced Pulmonary Fibrosis
To further clarify whether the PI3K/AKT/GSK-3β/β-catenin signaling pathway participates in EMT in the BLM-induced PF murine model, we examined the effect of LY294002 and XAV-939, potent inhibitors of the PI3K/AKT and Wnt/β-catenin signaling pathways, respectively, on lung fibrosis induced by BLM. Mice were administrated with LY294002, XAV-939 or DMSO. Interestingly, both LY294002 and XAV-939 ameliorated the degree of lung collagen deposition in the BLM-induced PF murine model (Figures 5A–C) and distinctly reversed the BLM-induced mRNA levels of the fibrosis-related markers, α-SMA, COL1A1, COL1A2, and MMP2 (Figure 5D). Additionally, the changes in α-SMA and collagen I protein levels after intervening with LY294002 and XAV-939 were congruent with the mRNA results (Figures 5E,F). To further investigate the relationship between DEC1 and PI3K/AKT/GSK-3β/β-catenin signaling pathway, we detected the protein level of DEC1 under LY294002 and XAV-939 treatment. Importantly, both LY294002 and XAV-939 did not alter the BLM-induced protein level of DEC1 in lung tissues of mice (Figures 5E,F).
[image: Figure 5]FIGURE 5 | Inhibition of the PI3K/AKT/GSK-3β/β-catenin signaling pathway relieved BLM-induced PF. WT mice administrated by BLM were treated with or without LY294002 or XAV-939 or DMSO for 21 days. (A) Representative HE staining and Masson’s trichrome staining in the lung tissues in mice. Scale bar = 200 μm. (B) Ashcroft score was measured using the Ashcroft method. (C) Total collagen levels were assessed by measuring hydroxyproline content in the lung tissues of mice. (D) The mRNA expression of α-SMA, COL1A1, COL1A, and MMP2 in the lung tissues of mice were measured by qRT-PCR. (E) The protein expression of α-SMA, collagen I and DEC1 in the lung tissues of mice were detected by western blotting. (F) Statistical analysis of relative expression levels of proteins in E. n = 6. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.6 Inhibition of the PI3K/AKT/GSK-3β/β-Catenin Signaling Pathway Repressed Epithelial-Mesenchymal Transition in the Bleomycin-Induced Pulmonary Fibrosis Murine Model
Subsequently, we examined whether LY294002 and XAV-939 affect the EMT process induced by BLM. Consistent with our expectation, LY294002 and XAV-939 clearly suppressed BLM-induced EMT, showing elevated protein level of E-cadherin and reduced protein levels of N-cadherin and Vimentin (Figures 6A,B). The changes in E-cadherin and Vimentin mRNA levels were consistent with the changes in their protein level (Figure 6C). Furthermore, dual immunofluorescence for E-cadherin and Vimentin was performed to confirm the changed expression in lung tissues following the intervention with the two inhibitors (Figure 6D). Taken together, these data demonstrate that DEC1 plays an important role in BLM-induced PF and EMT via the PI3K/AKT/GSK-3β/β-catenin signaling pathway.
[image: Figure 6]FIGURE 6 | Inhibition of the PI3K/AKT/GSK-3β/β-catenin signaling pathway repressed EMT in the BLM-induced pulmonary fibrosis murine model. WT mice administrated by BLM were treated with or without LY294002 or XAV-939 or DMSO for 21 days. (A) The protein expression of E-cadherin, N-cadherin and Vimentin in the lung tissues of mice were measured by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. (C) The mRNA expression of E-cadherin and Vimentin in the lung tissues of mice were assessed by qRT-PCR. (D) Dual immunofluorescent analysis for E-cadherin and Vimentin expression in the lungs tissue of mice. Scale bar = 50 μm n = 6. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.7 DEC1 Expression is Upregulated in TGF-β1-Induced EMT in A549 Cells
DEC1 has been reported to be involved in TGF-β1-induced EMT in PANC-1 cells (Wu et al., 2012). Additionally, our animal experiments demonstrated that Dec1 KO ameliorated lung fibrosis by inhibiting EMT in vivo, hence, we examined the DEC1 expression in TGF-β1-induced A549 cells. Firstly, we observed that TGF-β1 successfully induced EMT. Compared with the control group, TGF-β1 downregulated the protein expression of E-cadherin, whereas it upregulated N-cadherin and Vimentin protein expression in A549 cells (Figures 7A,B). Furthermore, the mRNA levels of E-cadherin and Vimentin were altered similarly to the above protein results (Figure 7C). Secondly, TGF-β1 increased the protein expression levels of p-ser473-AKT and p-ser9-GSK3β and induced the accumulation of β-catenin without distinct changes in the total AKT and GSK-3β expression levels (Figures 7D,E), suggesting that TGF-β1 activated the PI3K/AKT/GSK-3β/β-catenin signaling pathway during the development of EMT. Thirdly, we assayed the DEC1 protein and mRNA expression levels in the two groups. An obviously higher level of DEC1 expression was found in the TGF-β1-induced group compared with the control group (Figures 7F–H). Additionally, dual immunofluorescence for E-cadherin and DEC1 confirmed that TGF-β1 downregulated the level of E-cadherin and upregulated DEC1 expression (Figure 7I).
[image: Figure 7]FIGURE 7 | DEC1 expression is upregulated in TGF-β1-induced EMT in A549 cells. A549 cells were treated with TGF-β1 for 48 h. (A) The protein expression of E-cadherin, N-cadherin and Vimentin in A549 cells were measured by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. (C) The mRNA expression of E-cadherin and Vimentin in A549 cells were assessed by qRT-PCR. (D) The protein expression of p-ser473-AKT, AKT, p-ser9-GSK3β, GSK-3β and β-catenin in A549 cells were measured by western blotting. (E) Statistical analysis of relative expression levels of proteins in D. (F) The protein expression of DEC1 in A549 cells were detected by western blotting. (G) Statistical analysis of relative expression level of proteins in F. (H) The mRNA expression of DEC1 in A549 cells were detected by qRT-PCR. (I) Dual immunofluorescent analysis for DEC1 and E-cadherin expression in A549 cells. Scale bar = 20 μm n = 3. Data are shown as the mean ± SEM. Statistical analysis was performed by student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.8 DEC1 KD Suppresses TGF-β1-Induced Epithelial-Mesenchymal Transition in A549 Cells
Because DEC1 was significantly upregulated in TGF-β1-induced EMT in A549 cells, we further investigated whether DEC1 plays a significant role in the EMT process. We conducted experiments using the DEC1 knockdown (KD) model, which was established by an shRNA lentiviral construct. The most effective shRNA, shRNA1-DEC1, was selected for the following experiments (Supplementary Figures S1B,S1C). We examined the changes in EMT-related markers in A549 cells after transfection with shRNA-DEC1 lentiviruses. After TGF-β1 stimulation, shRNA-DEC1 cells expressed higher protein level of E-cadherin and lower protein levels of N-cadherin and Vimentin compared with the shRNA-NC cells (Figures 8A,B). Additionally, the transcription levels of E-cadherin and Vimentin were changed in line with the protein results (Figure 8C). Moreover, the protein alterations in E-cadherin and Vimentin were once again confirmed by immunofluorescence (Figure 8D). Taken together, these results show that DEC1 KD alleviates TGF-β1-induced EMT in A549 cells.
[image: Figure 8]FIGURE 8 | DEC1 KD suppresses TGF-β1-induced EMT in A549 cells. shRNA-NC and shRNA-DEC1 A549 cells were treated with or without TGF-β1 for 48 h. (A) The protein expression of E-cadherin, N-cadherin and Vimentin in A549 cells were measured by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. (C) The mRNA expression of E-cadherin and Vimentin in A549 cells were assessed by qRT-PCR. (D) Immunofluorescent analysis for E-cadherin and Vimentin expression in A549 cells. Scale bar = 20 μm n = 3. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.9 DEC1 KD Reduces the Activation of the PI3K/AKT/GSK-3β/β-Catenin Signaling Pathway in A549 Cells
In order to determine the mechanism of action of DEC1 in TGF-β1-stimulated EMT, we analyzed the expression of PI3K/AKT/GSK-3β/β-catenin signaling pathway-related molecules in TGF-β1-stimulated EMT model. Interestingly, we discovered that a combination treatment of shRNA-DEC1 and TGF-β1 clearly decreased the levels of p-ser473-AKT, p-ser9-GSK3β and β-catenin compared with TGF-β1-induced shRNA-NC cells (Figures 9A,B). Moreover, the protein alterations in β-catenin were certified by immunofluorescence (Figure 9C). Above results indicate that DEC1 KD represses the TGF-β1-induced activation of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in A549 cells.
[image: Figure 9]FIGURE 9 | DEC1 KD reduces the activation of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in A549 cells. shRNA-NC and shRNA-DEC1 A549 cells were treated with or without TGF-β1 for 48 h. (A) The protein expression of p-ser473-AKT, AKT, p-ser9- GSK3β, GSK-3β, and β-catenin in A549 cells were measured by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. (C) Immuno-fluorescent analysis for β-catenin expression in A549 cells. Scale bar = 20 μm n = 3. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns p > 0.05.
3.10 DEC1 Overexpression Induces Epithelial-Mesenchymal Transition and Activates the PI3K/AKT/GSK3β/β-Catenin Signaling Pathway in A549 Cells
To further verify the fibrogenic effect of DEC1 and the involvement of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in EMT, we overexpressed DEC1 in A549 cells by DEC1 plasmid and used the signaling pathway inhibitors, LY294002 and XAV-939. Overexpression plasmid successfully overexpressed DEC1 in A549 cells (Supplementary Figures S1D,S1E) and both inhibitors effectively reduced the phosphorylation levels of the corresponding proteins. More importantly, we observed that DEC1 overexpression significantly reduced the protein expression of E-cadherin, whereas it enhanced the protein level of N-cadherin and Vimentin (Figures 10A,B). Moreover, DEC1 overexpression distinctly increased the expression of p-ser473-AKT, p-ser9-GSK3β and β-catenin (Figures 10C,D). These results demonstrated that DEC1 overexpression successfully induced EMT and activated the PI3K/AKT/GSK-3β/β-catenin signaling pathway. Meanwhile, cells were stimulated with inhibitors. Compared with the DEC1 cDNA group, the expression of p-ser473-AKT, p-ser9-GSK3β and β-catenin was reduced by LY294002, and the expression of p-ser9-GSK3β and β-catenin was decreased by XAV-939. Furthermore, LY294002 and XAV-939 reversed the DEC1 cDNA-induced EMT process, as evident from the increased protein levels of E-cadherin, whereas the distinctly decreased N-cadherin and Vimentin protein expression (Figures 10A,B). Additionally, the expression changes in E-cadherin, Vimentin and β-catenin in these groups were further validated by immunofluorescence (Figure 10E). The findings in this study demonstrated that DEC1 overexpression induced EMT, and this effect was dependent on the PI3K/AKT/GSK-3β/β-catenin signaling pathway activation.
[image: Figure 10]FIGURE 10 | DEC1 overexpression induces EMT and activates the PI3K/AKT/GSK3β/β-catenin signaling pathway in A549 cells. A549 cells were treated with LY294002 or XAV-939 for 1 h prior to the transfection with DEC1 overexpression plasmids. (A) The protein expression of E-cadherin, N-cadherin and Vimentin in A549 cells were measured by western blotting. (B) Statistical analysis of relative expression levels of proteins in A. (C) The protein expression of p-ser473-AKT, AKT, p-ser9- GSK3β, GSK-3β, and β-catenin in A549 cells were measured by western blotting. (D) Statistical analysis of relative expression levels of proteins in C. (E)Immunofluorescent analysis for E-cadherin, Vimentin and β-catenin expression in A549 cells. Scale bar = 20 μm n = 3. Data are shown as the mean ± SEM. Statistical analysis was performed by one-way ANOVA. #p < 0.05, ##p < 0.01 and NSP>0.05 vs. Vector. *p < 0.05, **p < 0.01, ***p < 0.001 and ns p > 0.05 vs. DEC1 cDNA.
4 DISCUSSION
IPF is a clinically common chronic fibrotic lung disease with unknown etiology, characterized by progressive PF, high disability rate and mortality (Richeldi et al., 2017). In this study, we demonstrated the role of DEC1 in the development of PF. The major findings of our study were that DEC1 was high expressed in IPF patients and BLM-challenged PF in mice. Moreover, Dec1 KO markedly ameliorated PF in mice by inhibiting the EMT process in a BLM-induced PF model. Additionally, consistent with the in vivo results, DEC1 KD suppressed TGF-β1-induced EMT, whereas DEC1 overexpression induced EMT in vitro. Importantly, DEC1 regulated the activity of the PI3K/AKT/GSK-3β/β-catenin signaling pathway to regulate PF and the EMT process in vivo and in vitro. These results support the notion that DEC1 plays an important role in PF.
Dec1 KO significantly attenuated BLM-induced PF. A single intratracheal dose of BLM in mice has been the most popular and best characterized animal model to investigate PF, which has provided valuable insight into the treatment of human IPF (Wollin et al., 2015; Glassberg et al., 2017). In previous studies, it has been shown that Dec1 deficiency protects the heart from TAC-induced perivascular fibrosis through TGF-β1/pSmad3 and M1/M2 macrophage polarization (Le et al., 2019; Li et al., 2020). In this study, we evaluated whether DEC1 participates in the development of PF using Dec1 KO mice. We found that Dec1 KO distinctly alleviated BLM-induced PF. To the best of our knowledge, this is the first report showing that Dec1 KO suppressed BLM-induced PF in mice. This observation implies that DEC1 plays a crucial role in development and progression of PF.
The precise molecular mechanisms by which DEC1 influences PF remain to be determined. We demonstrated that Dec1 KO inhibited PF by impeding the EMT process in vivo and that DEC1 KD repressed TGF-β1-induced EMT in vitro. In contrast, DEC1 overexpression induced EMT in vitro. TGF-β1, a crucial mediator in tissue fibrosis, is a significant factor in promoting EMT and the development of PF (Akhurst and Hata, 2012; Aschner et al., 2020). We also found that Dec1 KO alleviated BLM-induced upregulated expression of TGF-β1 in BALF in mice. The pathology of IPF has several characteristics including repetitive microscopic alveolar epithelial cell injury and dysregulated repair, unregulated proliferation and differentiation of fibroblasts into myofibroblasts, causing excessive ECM deposition, ultimately resulting in loss of parenchymal architecture and lung function (Borensztajn et al., 2013; Wollin et al., 2015). As reported previously, the origin of fibro-blasts and myofibroblasts in PF is still controversial; however, EMT in AEC2s is believed to be a significant source of the lung fibroblasts and myofibroblasts in PF (Willis et al., 2006; Chapman, 2011). Several reports have suggested that EMT is an important mechanism in the development of PF (Zhang et al., 2019; Chen et al., 2020; Yang et al., 2020). TGF-β1, one of the major profibrotic cytokines in IPF, is widely used to induce EMT in epithelial cells to explore the mechanism of PF (Qian et al., 2019; Kim et al., 2020). Accumulating evidence indicated that DEC1 regulates diverse biological processes involving EMT in cancer (Wu et al., 2012; Asanoma et al., 2015; Xiong et al., 2016). Therefore, we established a lung fibrosis model in mice and an EMT model in A549 cells using BLM and TGF-β1, respectively. Consistent with previous studies, our results showed that EMT developed in the BLM-induced PF model; however, it was alleviated when Dec1 was knocked out in mice. In vitro, we obtained a similar trend, whereby TGF-β1 induced EMT in A549 cells and DEC1 KD reversed the TGF-β1-stimulated EMT. Moreover, DEC1 overexpression alone successfully induced EMT. These findings support the notion that DEC1 plays a crucial part in PF by regulating the EMT process.
The mechanism by which DEC1 affects the EMT process in PF is unclear. Another important finding in our study is that hyperactivation of the PI3K/AKT/GSK-3β/β-catenin signaling pathway was responsible for development of PF and EMT in vivo and in vitro. EMT is a complex process with the potential involvement of multiple signaling pathways (Lamouille et al., 2014). The PI3K/AKT signaling pathway, one of the most important signal transduction pathways in cells, is involved in the regulation of the EMT process (Wei et al., 2019). Moreover, GSK-3β is a downstream effector of the PI3K/AKT pathway, and AKT inhibits its activity by phosphorylating it at Ser9. GSK-3β also plays a crucial role in β-catenin phosphorylation and degradation, and the transfer of β-catenin into the nucleus, in which it forms a complex to activate target genes, such as E-cadherin, which is important in the development of EMT and fibrosis (Macdonald et al., 2009; Zheng et al., 2020). It has been documented that the PI3K/AKT signaling pathway and the Wnt/β-catenin signaling pathway are interconnected by the phosphorylation status of GSK-3β. The involvement of the PI3K/AKT/GSK-3β/β-catenin signaling pathway in EMT in gastric cancer cells has been reported and inhibition of this pathway suppresses EMT (Ge et al., 2018). However, the exact relationship between DEC1 and PI3K/AKT/GSK-3β/β-catenin signaling pathway has not been reported. A previous study has already showed that DEC1 deficiency led to a significant inhibition of PI3K/AKT/GSK3β signaling pathway. Additionally, LiCl, an agonist of Wnt/β-catenin signaling, could rescue the DA neuron loss of midbrain in the 6-month-old Dec1 KO mice (Zhu et al., 2019). In this study, the PI3K/AKT/GSK-3β/β-catenin signaling pathway was clearly activated in BLM-treated mice, and in TGF-β1-stimulated and DEC1 cDNA-induced cells. Furthermore, we found that DEC1 deficiency in vivo and in vitro inhibited the activity of the PI3K/AKT/GSK-3β/β-catenin signaling pathway. Interestingly, inhibition of the PI3K/AKT and Wnt/β-catenin signaling pathways by LY294002 and XAV-939, respectively, ameliorated the BLM-induced PF and EMT in vivo, and abated DEC1 cDNA-induced EMT in vitro. Nevertheless, both LY294002 and XAV-939 did not alter the BLM-induced protein level of DEC1 in lung tissues of mice, suggesting PI3K/AKT/GSK-3β/β-catenin signaling pathway is a downstream of DEC1. Namely, DEC1 interacted with the PI3K/AKT and Wnt/β-catenin signaling pathways, leading to EMT, and ultimately giving rise to the development of PF.
DEC1 is a basic helix–loop–helix (BHLH) transcriptional factor. It is believed that DEC1 is a transcription factor that acts on a specific sequence. However, the transcription regulation mechanisms of DEC1 remain controversial (Jia et al., 2018), as one report suggested that DEC1 functions as a transcription activator through binding to the Sp1 element of its target genes (Li et al., 2006), whereas another report suggested it acts as a transcription repressor by directly binding to the E-box region of its target genes (Li et al., 2003). In addition, it has been documented that PI3K/AKT signaling interacts with Sp1 (Yan et al., 2015). Thus, in our study, DEC1 may promote or inhibit the expression of its target factors by acting on a specific sequence region, which is what we are going to investigate and confirm in the future.
In summary, the present study demonstrated two important findings. First, DEC1 exerted a considerable role in PF by regulating the EMT process. Second, DEC1 affected EMT by regulating the activity of the PI3K/AKT/GSK-3β/β-catenin signaling pathway. Thus, our findings give credence to the hypothesis that DEC1 is crucial in the pathogenesis of PF. These findings shed light on the better understanding of mechanisms regulating PF. Finally, our study indicates that DEC1 and the mechanism described above may be potential molecular therapeutic targets in IPF.
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Pulmonary fibrosis is a group of life-threatening diseases with limited therapeutic options. The involvement of cannabinoid type 1 receptors (CB1R) has been indicated in fibrotic diseases, but whether or not the activation of CB1R can be a benefit for fibrosis treatment is controversial. In this study, we investigated the effects of arachidonoylcyclopropylamide (ACPA), as a selective CB1R agonist, on bleomycin (BLM)-induced pulmonary fibrosis. We showed that ACPA treatment significantly improved the survival rate of BLM-treated mice, alleviated BLM-induced pulmonary fibrosis, and inhibited the expressions of extracellular matrix (ECM) markers, such as collagen, fibronectin, and α-SMA. The enhanced expressions of ECM markers in transforming growth factor-beta (TGF-β)-challenged primary lung fibroblasts isolated from mouse lung tissues were inhibited by ACPA treatment in a dose-dependent manner, and the fibroblast migration triggered by TGF-β was dose-dependently diminished after ACPA administration. Moreover, the increased mRNA levels of CB1R were observed in both lung fibroblasts of BLM-induced fibrotic mice in vivo and TGF-β-challenged primary lung fibroblasts in vitro. CB1R-specific agonist ACPA significantly diminished the activation of TGF-β–Smad2/3 signaling, i.e., the levels of p-Smad2 and p-Smad3, and decreased the expressions of downstream effector proteins including slug and snail, which regulate ECM production, in TGF-β-challenged primary lung fibroblasts. Collectively, these findings demonstrated that CB1R-specific agonist ACPA exhibited antifibrotic efficacy in both in vitro and in vivo models of pulmonary fibrosis, revealing a novel anti-fibrosis approach to fibroblast-selective inhibition of TGF-β-Smad2/3 signaling by targeting CB1R.
Keywords: arachidonoylcyclopropylamide, cannabinoid type 1 receptor, fibroblast, idiopathic pulmonary fibrosis, transforming growth factor-beta
INTRODUCTION
Pulmonary fibrosis is a group of chronic, progressive, and usually lethal lung diseases that can be idiopathic or secondary to various diseases, characterized by excessive production and massive deposition of extracellular matrix (ECM) in lung interstitium (Barratt et al., 2018). Idiopathic pulmonary fibrosis (IPF) is a severe type of pulmonary fibrosis with unknown etiology and high mortality. However, available therapeutic options for pulmonary fibrosis, including two FDA‐approved IPF drugs (nintedanib and pirfenidone) that slow the progression of the disease, have barely improved the outcomes of patients (Trachalaki et al., 2021). Currently, the prognosis for patients with pulmonary fibrosis remains poor, and it is urgent to identify therapeutic targets and to search novel therapies to slow down or even halt the progression of the disease.
Fibroblasts are the primary cells that build and maintain the ECM. In the pathogenesis of pulmonary fibrosis, lung fibroblasts are activated under the stimulation of profibrotic cytokines and exhibit a series of cell behavior changes, such as proliferation, migration, and ECM production, which is associated with severity of the disease in patients with pulmonary fibrosis and mouse models of pulmonary fibrosis (Xia et al., 2014; DePianto et al., 2015; Kasam et al., 2020). TGF-β family proteins, especially TGF-β1, released by injured lung epitheliums, immune cells, and fibrocytes during pulmonary fibrosis, are considered the principal profibrotic cytokines that drives fibrotic responses (Fernandez and Eickelberg, 2012; Martinez et al., 2017; Aschner et al., 2020; Lee et al., 2020). TGF-β signals are generally transduced through TGF-β type I and type II receptors (TβRI and TβRII) and Smads, and ancillary proteins as well (Aschner et al., 2020; Lee et al., 2020). Although TGF-β signals are attractive targets for lung fibrosis, genetic and pharmacological studies have indicated that broad targeting of general TGF-β signaling pathways might be problematic for treating fibrotic disease due to the pleiotropic roles of TGF-β (Mora et al., 2017; Saito et al., 2018). Therefore, the indirect modulation of TGF-β signals might be an alternative option for therapy of pulmonary fibrosis.
The endocannabinoid system (ECS) plays a critical homeostatic role in the regulation of various cellular and physiological processes through the activation of cannabinoid receptors, and its dysregulation is implicated to contribute to several highly prevalent diseases and disorders (Pacher and Kunos, 2013; Iannotti et al., 2016; Zhou et al., 2021). ECS has demonstrated anti-fibrotic effects in an avalanche of experimental studies, and cannabinoids are considered to be promising for the treatment of fibrosis (Correia-Sá et al., 2020a; Correia-Sá et al., 2020b). However, there is some controversy regarding the cannabinoid system’s effects on fibrosis, especially regarding the cannabinoid type 1 receptors (CB1R), a most well-researched cannabinoid receptor that has been reported overexpressed and activated widely in multiple fibrotic processes (Garcia-Gonzalez et al., 2009; Lecru et al., 2015; Cinar et al., 2017). CB1R has been found to be associated with multiple pathologic processes in fibrosis, such as promoting/suppressing inflammatory responses, e.g., leukocyte infiltration, microphage activation and cytokine production, in addition to promoting/alleviating fibroblast activation and collagen accumulation in fibrosis (Garcia-Gonzalez et al., 2009; Marquart et al., 2010; Lazzerini et al., 2012; Bronova et al., 2015; Lecru et al., 2015; Chiurchiù et al., 2016; Cinar et al., 2017; Correia-Sá et al., 2020a; Correia-Sá et al., 2020b). Although Cinar R et al. found that the overactivity of CB1 contributed to the pathogenesis of IPF (Cinar et al., 2017), the CB1R inhibitor rimonabant had no significant efficacy in stopping progression of fibrosis or reversing established fibrosis (Cinar et al., 2016), the pathology of liver fibrosis was still evident in CB1R knockout mice as well (Teixeira-Clerc et al., 2006; Cinar et al., 2016). Similarly, Wang S et al. recently demonstrated that specific deletion of CB1R in hepatic stellate cells did not protect mice from fibrosis (Wang et al., 2021). Instead, cannabinoids, such as Δ9-tetrahydrocannabinol (THC), cannabidiol, cannabichromene, cannabinol, Cesamet (nabilone; Meda Pharmaceuticals, Somerset, NJ, United States), Marinol (dronabinol; THC; AbbVie, Inc., North Chicago, IL, USA), and Sativex (Cannabis extract; GW Pharmaceuticals, Cambridge, USA) were considered useful for the treatment of chronic inflammation and fibrosis (Zurier and Burstein, 2016). Therefore, the role of CB1 signaling in the development of fibrosis, including IPF, has not yet been identified. It is necessary to clarify whether the activation of CB1R is beneficial or harmful and how it affects the development of pulmonary fibrosis for the pharmaceutical development of CB1R agonists or antagonists and their potential therapeutic uses in pulmonary fibrosis.
Arachidonoylcyclopropylamide (ACPA) is a selective CB1R agonist, which is a close analog of endocannabinoid anandamide and binds to the CB1R with a strong affinity and high selectivity (Hillard et al., 1999). In this work, we explored the efficacy of CB1R-specific agonist ACPA on bleomycin (BLM)-induced pulmonary fibrosis mouse models and ECM production in TGF-β1-challenged lung fibroblasts. We also revealed the role of CB1R in fibroblast activation in the progression of pulmonary fibrosis, which might be a druggable target for pulmonary fibrosis therapy.
MATERIALS AND METHODS
Reagents
ACPA (N-cyclopropyl-5Z, 8Z, 11Z, 14Z-eicosatetraenamide; C23H37NO; CAS: 229021-64-1; MW: 343.6, purity ≥98%) was obtained from Cayman Chemical Company. BLM (#RB003) was purchased from BioTang (Lexington, MA, USA). Recombinant TGF-β1 protein (#240-B) was manufactured by R&D Systems (Minneapolis, MN, USA). Primary antibodies against α-smooth muscle actin (α-SMA, #19245), Collagen (#72026), Smad2 (#5339), phospho-Smad2 (Ser465/Ser467, #18338), Smad3 (#9523), phospho-Smad3 (Ser423/425, #9520), Slug (#9585), Snail (#3879), and β-actin (#3700) were purchased from Cell Signaling Technology (Danvers, MA, USA). Primary antibodies against CB1R (#ab23703), TGF-β receptor Ⅱ, and Fibronectin (#ab2413) were purchased from Abcam Company (Cambridge, MA, USA). Primary antibody against CB2R (#sc293188) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-rabbit IgG (Alexa Fluor 488 Conjugate) (#4412) was purchased from Cell Signaling Technology (Danvers, MA, USA). DAPI (#C1002), Forskolin (#S1612), Hematoxylin and Eosin (H&E) staining kit (#C0105), and BeyoClick™ EdU Cell Proliferation Kit were purchased from Beyotime (Shanghai, China). Masson staining Kit (#D026-1-3) was obtained from NanJing JianCheng (China). Reverse transcription kit and SYBR Green Real-Time PCR kit were purchased from Toyobo (Osaka, Japan). MTT was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Animals and Treatments
Six- to eight-week-old C57BL/6 mice were purchased from the Laboratory Animal Center Shanghai Laboratory Animal Center (SLAC, Shanghai, China). Mice were maintained in a climate-controlled room (25°C, 55% humidity, and 12 h light/darkness cycles), and all procedures were conducted with the use of protocols approved by the Institutional Animal Care and Use Committee at Shanghai Jiao Tong University.
C57BL/6 male mice were randomly divided into three groups: the control (PBS + Vehicle) group, BLM (BLM + Vehicle) group, and ACPA (BLM + ACPA) group. ACPA was dissolved in a vehicle (1:1 mixture of PBS and ethanol). For the experiments (Figure 1C), the mice received an intratracheal injection (i.t.) of BLM (1.4 U/kg) or PBS at a volume of 20 μl per mouse after anesthetized with pentobarbital sodium (50 mg/kg) by intraperitoneal injection (i.p.). From the next day after BLM injection, the mice in the ACPA group were subjected to ACPA (3 mg/kg, i.p.), and the mice in the control and BLM groups received intraperitoneal injection of vehicle solution (1:1 mixture of PBS and ethanol) at a volume of 10 μl/g per body weight every other day (day 0–13). Animals (n = 7 in each group) were inspected daily in survival study, and death was recorded for each animal. Every animal found dead was necropsied. Surviving animals (n = 7 in control group; n = 5 in BLM group; n = 7 in ACPA group) were euthanized at day 14 to collect tissues. The left lungs from three mice of each group were fixed with polyoxymethylene for histological analysis. The remaining right lungs and lungs from other mice were collected for mRNA, protein, and hydroxyproline (HYP) measurements.
[image: Figure 1]FIGURE 1 | The expression and activation of CB1R was beneficial to the mice with bleomycin (BLM)-induced pulmonary fibrosis. (A) The mRNA levels of cannabinoid type 1 receptors (CB1R) in lung tissues. (B) The chemical structure of the selective CB1R agonist arachidonoylcyclopropylamide (ACPA). (C) The schematic timeline shows the process of BLM model establishment and ACPA administration. C57BL/6 mice were i.t. injected with BLM (1.4 U/kg) or PBS before i.p. injection with ACPA (3 mg/kg) or vehicle, and the mice were sacrificed on day 14. (D) Body weight changes in the mice during the experiment. The body weights of the mice were measured at indicated times, and the relative weight was compared with the weight on day 0. (E) The survival rate of the mice. (F) Representative sections of lung sections performed by hematoxylin and eosin (H&E) staining showing the pathological changes (e.g., infiltration of inflammatory cells and pulmonary lesions). Values are presented as mean ± SEM, n = 5–7 mice per group. *p < 0.05, **p < 0.01, and ***p < 0.001.
Tissue Analysis
The left lungs from three mice of each group were fixed with 4 ml of 4% polyoxymethylene for 48 h, followed by dehydration in graded alcohol and embedding in paraffin. Then the paraffin-embedded sections were sliced into 5-μm sections and stained with H&E kit (Beyotime, Shanghai, China) or Masson staining kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. Stained sections were photographed with an Olympus BX51 microscope (Tokyo, Japan).
Isolation of Primary Mouse Lung Fibroblasts and Cell Culture
The lungs of the euthanized C57BL/6 mice (6–8 weeks old) were perfused with 10 ml of normal saline, removed immediately into ice-cold Hanks’ balanced salt solutions, chopped finely with scissors, and digested with 2 mg/ml of collagenase IV (Sigma-Aldrich, St. Louis, MO, USA) for 0.5 h. Then after washing with PBS three times, the extracted fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, MA, USA) supplemented with 10% fetal bovine serum (Sijiqing, Shanghai, China), 1% penicillin and streptomycin (Yishen, Shanghai, China) at 37°C in a 5% CO2 incubator for 5 days. The medium was changed every 2 days. For the study of the effects of ACPA on the lung fibroblast in vitro, the cultured lung fibroblasts were incubated with serum‐free medium containing PBS or TGF-β1 (20 ng/ml) for 24 h, and treated with vehicle or ACPA 0.5 h before TGF-β1 stimulation.
Hydroxyproline Assay
The collagen contents in lung tissues were evaluated by HYP assay using an HYP assay kit (Nanjing Jiancheng, Nanjing, China). According to the instructions of the manufacturer, the lung tissues were homogenized in 1 ml of hydrolysate and heated in 1 ml of hydrolysate at 95°C for 20 min, and pH was adjusted from 6.0 to 6.8. The hydroxyproline was detected by incubation with chloramine T and p-dimethylaminobenzaldehyde, and the absorbance was measured at 550 nm by a Biotek ELx800 (Winooski, VT, USA).
RNA Extraction and Quantitative Real Time PCR
RNA samples from lung tissues or cells were extracted using Trizol (Sigma-Aldrich, St Louis, MO, United States). cDNA was produced using qPCR RT Master Mix (TOYOBO, Osaka, Japan) according to the protocol of the manufacturer and used in subsequent real-time qPCR reactions. Quantitative real-time PCR was carried out to determine relative gene expression using the SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) on StepOne Plus (Thermo Fisher Scientific, Waltham, MA, USA) as specified by the manufacturer. The quantification of target genes was identified by comparing Ct values of each sample normalized with Ct value of glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH), and reaction specificity was verified by melting curve analysis. The primer sequences for target genes in real-time PCR assay were obtained from HuaGene Company (Shanghai, China) as shown below: the primers GAPDH forward 5′-CAT​CAC​TGC​CAC​CCA​GAA​GAC​TG-3′ and reverse 5′-ATG​CCA​GTG​AGC​TTC​CCG​TTC​AG-3′, α‐SMA forward 5′-TGC​TGA​CAG​AGG​CAC​CAC​TGA​A-3′ and reverse 5′-CAG​TTG​TAC​GTC​CAG​AGG​CAT​AG-3′, collagen forward 5′-CCT​CAG​GGT​ATT​GCT​GGA​CAA​C-3′ and reverse 5′- CAG​AAG​GAC​CTT​GTT​TGC​CAG​G-3′, fibronectin forward 5′-CCC​TAT​CTC​TGA​TAC​CGT​TGT​CC-3′ and reverse 5′-TGC​CGC​AAC​TAC​TGT​GAT​TCG​G-3 ′, CB1R forward 5′-ATC​GGA​GTC​ACC​AGT​GTG​CTG​T-3′ and reverse 5′-CCT​TGC​CAT​CTT​CTG​AGG​TGT​G-3′.
Western Blot
Protein samples from lung tissues or cultured cells were lysed and extracted with loading buffer containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and phosphatase inhibitor cocktail (Roche Applied Science, USA). Protein concentration was measured using BCA Protein Assay kit (Beyotime, Shanghai, China) according to the protocol of the manufacturer. Protein samples were separated in sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. The membranes were blocked in 10% bovine serum albumin solution for 2 h at room temperature. Then the membranes were incubated with the appropriate primary antibodies overnight at 4°C, followed by the incubation with conjugated secondary antibodies at room temperature for 2 h. To visualize immune complexes, the membranes were stained using chemiluminescent substrate and imaged by a ChemiDoc MP System (Bio-Rad, MA, USA). The intensity of the protein band was quantified by ImageJ software and normalized to β-actin.
Scratch Wound Migration Assay
Scratch wound migration assay and Transwell chamber migration assay were performed to detect the migration of primary lung fibroblasts. In scratch wound migration assay, lung fibroblasts were inoculated on six-well plates (1 × 106 cells per well) and cultured with complete culture medium overnight until the cells adhere to the wall. Then the cells were washed three times with PBS and cultured in serum‐free medium. A 200-µl pipet tip was used for scraping the cell monolayer in two straight lines as a cross. The cells were washed three times with serum‐free medium to ensure that no cell debris remained in the scratch areas, and the cells were grown in serum-free medium with PBS + Vehicle, TGF-β1 (20 ng/ml) + Vehicle, or TGF-β1 (20 ng/ml) + ACPA (0, 10, 30 μM) for 24 h. Images were captured with a phase-contrast microscope (Olympus, Tokyo, Japan) and analyzed with ImageJ software.
Transwell Chamber Migration Assay
Lung fibroblasts (50,000 cells in 200 µl serum‐free medium PBS + Vehicle, TGF-β1 (20 ng/ml) + Vehicle, or TGF-β1 (20 ng/ml) + ACPA (0, 10, 30 μM) were transferred to the upper chambers, and 600 µl of DMEM supplemented with 10% fetal bovine serum was added to the lower chambers. After 24 h of incubation, the medium in the upper chambers was discarded, and the cells that traversed to the reverse face were carefully washed with PBS three times, fixed with the pre-prepared fixative (methanol: acetic acid = 2:1), and then stained with 0.1% crystal violet for 20 min. Pictures were taken with a microscope (Olympus, Tokyo, Japan).
MTT Cell Viability Assay
Lung fibroblasts (1 × 104 cells per well) plated on 96-well plates were treated with vehicle or ACPA (0, 10, 30, and 100 μM) for 24 h. Then 20 μl MTT solution (5 mg/ml) was added into the wells and incubated for 4 h. The culture supernatant was discarded, and 100 μl of DMSO was added into each well. OD absorbance at 490 nm was measured by a microplate reader (BioTek, Vermont, USA).
EdU Cell Proliferation Assay
The EdU Cell Proliferation Kit was used to measure cell proliferation. Lung fibroblasts (5 × 105 cells per well) were seeded on 12-well plates and cultured with complete culture medium overnight with the cells adhering to the wall. The cells were pretreated with different concentrations of ACPA (0, 30, 100 µM) for 30 min and then stimulated with TGF-β1 (20 ng/ml) for 24 h. According to the instructions of the manufacturer, fresh DMEM containing EdU (10 µM) was added to the wells. After a 2-h incubation, the EdU medium was discarded, and the fibroblasts were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.3% Triton X-100 for 15 min. Next, the cells were incubated with Click Reaction solution for 30 min and stained with Hoechst for 10 min. Finally, images were captured using the microscope (Olympus, Tokyo, Japan).
Immunocytochemistry
Fibroblasts were plated in 12-well plates (3 × 105 cells per well) overnight. The cells were treated with ACPA (30 μM) for 30 min before being challenged with 20 ng/ml of TGF-β1 for 24 h. The cells were fixed with 4% PFA for 15 min, permeabilized with 0.3% Triton X-100 for 15 min, and blocked with 5% BSA for 1 h. Then the cells were incubated with TGF-β receptor Ⅱ primary antibody overnight at 4°C. After washing with PBS three times, cells were incubated with Alexa 488-labeled secondary antibody for 2 h at room temperature, and then cells were stained with DAPI (5 μg/ml) to visualize the cell nuclei. Immunofluorescence images were recorded by a laser-scanning confocal fluorescence microscope (Leica Microsystem, Wetzlar, Germany).
Statistics Analysis
Statistical analysis was performed using the Prism software (ver. 8.3; GraphPad, San Diego, CA, USA). Comparisons between different groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test, and Student’s t-test was used to compare differences between two groups. All experiment results were presented as the mean ± SEM. The referred experiment was performed independently for at least three times. Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
RESULTS
Cannabinoid Type 1 Receptors Overexpression and Activation Brought About Beneficial Effects on Mice With Bleomycin-Induced Pulmonary Fibrosis
CB1R has been found to be linked to multiple pathologic processes in fibrosis, including pulmonary fibrosis (Garcia-Gonzalez et al., 2009; Marquart et al., 2010; Lazzerini et al., 2012; Bronova et al., 2015; Lecru et al., 2015; Chiurchiù et al., 2016; Cinar et al., 2017; Correia-Sá et al., 2020a; Correia-Sá et al., 2020b), but the actual function of CB1R activation in pulmonary fibrosis remains controversial. In the present study, we first examined the expression of CB1R in the lung tissues of a murine pulmonary fibrosis model by i.t. injection of BLM (1.4 U/kg). We found that the mRNA levels of CB1R significantly increased in the lung tissues of mice with pulmonary fibrosis compared with normal mice (Figure 1A), which indicated that overexpressed CB1R might play certain role in the pathologic processes of pulmonary fibrosis. Then we observed the influences of CB1R activation on mice with BLM-induced pulmonary fibrosis using the highly selective CB1R agonist ACPA (Figure 1B) to stimulate CB1R. The murine model of pulmonary fibrosis was established by i.t. injection of BLM, and the function of ACPA for pulmonary fibrosis was evaluated by i.p. injection (Figure 1C). Compared with the mice in normal control group, the pulmonary fibrosis mice subjected to BLM i.t. injection exhibited significantly diminished body weight, an important indicator of pathological severity following BLM challenge, while ACPA treatment largely rescued the weight loss of pulmonary fibrosis mice (Figure 1D). Similarly, the survivorship curve also manifested that ACPA treatment improved the survival rate of pulmonary fibrosis mice (Figure 1E). In addition, HE staining demonstrated extensive inflammatory cell infiltration and severe pulmonary lesions in lung tissues of mice with BLM-induced pulmonary fibrosis, which were apparently reduced by ACPA administration (Figure 1F). Collectively, these data showed that CB1R overexpression in lung tissues and activation stimulated by ACPA would help to mitigate pathological changes and improve survival of pulmonary fibrosis mice.
Arachidonoylcyclopropylamide Ameliorated Bleomycin-Induced Pulmonary Fibrosis in Vivo
Pulmonary fibrosis is a group of lethal disease characterized by deposition of a pathological ECM, we further evaluated the efficacy of CB1R-selective agonist ACPA on collagen deposition and the expression of fibrotic makers in BLM-induced experimental pulmonary fibrosis in vivo (Figure 2). Histologic assay of Masson staining demonstrated a dramatic collagen accumulation, the indicative of fibrosis, in BLM-stimulated mice, while ACPA treatment strongly attenuated deposition of pulmonary collagen (Figure 2A). Consistently, HYP, the main component of collagen, was also significantly reduced by treatment compared with that in the BLM group (Figure 2B). In line with the results of Masson staining and HYP assay, the productions (protein levels) of ECM, e.g., collagen, fibronectin, and α-SMA, which are biomarkers for fibrotic levels, remarkably decreased in ACPA group (Figures 2C–F). Similarly, the transcription (mRNA levels) of collagen, fibronectin, and α-SMA were also downregulated by ACPA (Figures 2G–I). Collectively, these results showed that CB1R-selective agonist ACPA protected pulmonary fibrosis mice against BLM-induced pulmonary fibrosis with the inhibition of ECM production.
[image: Figure 2]FIGURE 2 | ACPA attenuated BLM-induced pulmonary fibrosis in mice. (A) Representative images of lung sections visualized by Masson staining demonstrated collagen deposition, indicative of fibrosis. (B) Hydroxyproline (HYP) analysis of lung tissues from mice treated with PBS + Vehicle, BLM + Vehicle, and BLM + ACPA injection. (C) Western blots for extracellular matrix (ECM) protein collagen, fibronectin, and α-smooth muscle actin (α-SMA) in lung tissues of mice from each group. Quantification of collagen (D), fibronectin (E), and α-SMA (F) proteins normalized to β-actin were analyzed by ImageJ software. Relative mRNA levels of fibrosis markers collagen (G), fibronectin (H), and α-SMA (I) in lung tissues of mice from each group were quantified by real-time PCR. Data are presented as means ± SEM, n = 3 per group in (D–F) and n = 5 per group in (B) and (G–I). *p < 0.05, **p < 0.01, and ***p < 0.001.
Arachidonoylcyclopropylamide Reduced the Expression of extracellular Matrix Proteins in TGF-β1-Challenged Lung Fibroblasts in Vitro
Fibroblasts are the primary cells that build and maintain the ECM. Increased activation of lung fibroblast is central for the initiation and maintenance of unremitting deposition of ECM and fibrotic lesions in pulmonary fibrosis (Xia et al., 2014; DePianto et al., 2015; Kasam et al., 2020). In this study, we investigated the expression of CB1R in lung fibroblasts isolated from BLM-challenged mice and found that CB1R mRNA levels were significantly increased in the isolated lung fibroblasts from mice with BLM-induced pulmonary fibrosis compared with control mice (Figure 3A), which is in accordance with the increased CB1R mRNA levels in lung tissues of pulmonary fibrosis mice (Figure 1A). TGF-β1 is one of the most potent and well-studied profibrotic inducers of pulmonary fibrosis that triggers and greatly enhances the fibrogenic activity of lung fibroblasts (Fernandez and Eickelberg, 2012; Martinez et al., 2017; Aschner et al., 2020; Lee et al., 2020). We isolated primary mouse lung fibroblasts to examine the expression of CB1R and ECM proteins induced by TGF-β1. Primary mouse lung fibroblasts were incubated with PBS or TGF-β1 for 24 h after pretreated with vehicle or ACPA with different concentrations. As shown in Figures 3B–D, both mRNA and protein levels of CB1R in primary mouse lung fibroblasts demonstrated a time-dependent augmentation with the stimulation of TGF-β1, suggesting that TGF-β1 promotes CB1R expression in lung fibroblasts. By contrast, CB2R expression was much lower in lung fibroblasts and its level was not observably changed by TGF-β1 or ACPA treatment (Supplementary Figures S1A–E). Consistent with BLM-induced pulmonary fibrosis, the expression of ECM protein collagen, fibronectin, and α-SMA in primary fibroblasts also increased enormously in response to TGF-β1 stimulation. Although ACPA (10, 30 μM) alone did not affect the expression of ECM proteins (Figure 3I) or exhibit obvious cytotoxicity to fibroblasts (Figure 3J), when administrated with TGF-β1, it significantly reduced the augmentation of ECM proteins induced by TGF-β1, which are also considered as fibrosis markers, in a dose-dependent manner (Figures 3E–H). Taken together, these results revealed that lung fibroblasts expressed CB1R when stimulated by TGF-β1 and CB1R activation, in turn, inhibiting the excessive expression of ECM proteins in TGF-β-challenged lung fibroblasts.
[image: Figure 3]FIGURE 3 | ACPA inhibited the expression of ECM proteins in TGF-β1-challenged primary lung fibroblasts. (A) The mRNA levels of CB1R in lung fibroblasts from normal control mice or the pulmonary fibrosis model mice treated with BLM (1.4 U/kg, i.t.). (B) The mRNA levels of CB1R in primary mouse lung fibroblasts pretreated with TGF-β1 (20 ng/ml). (C) Western blots for CB1R protein in primary mouse lung fibroblasts pretreated with TGF-β1 (20 ng/ml). (D) Quantification of CB1R proteins normalized to β-actin. (E) Western blots for ECM protein collagen, fibronectin, and α-SMA in TGF-β1-challenged primary lung fibroblasts. Primary mouse lung fibroblasts were treated with vehicle or ACPA (10, 30, 100 μM) followed by TGF-β1 stimulation for 24 h. Quantification of collagen (F), fibronectin (G), and α-SMA (H) proteins normalized to β-actin were analyzed by ImageJ software. (I) Western blots for ECM protein collagen, fibronectin, and α-SMA in primary lung fibroblasts treated with ACPA (10, 30, 100 μM) alone for 24 h. (J) The viability of fibroblasts after treatment with ACPA (10, 30, and 100 μM) alone for 24 h in MTT Cell viability assay. Data shown are mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
Arachidonoylcyclopropylamide Subdued the Migration and Motility of Primary Lung Fibroblasts Triggered by TGF-β1
The migratory capacity of fibroblasts by responding to cytokines and chemokines, e.g., TGF-β1, is important for the progression of pulmonary fibrosis (Kasam et al., 2020). To ascertain whether CB1R activation participates in modulating TGF-β1-triggered cell migration of primary lung fibroblasts, we conducted scratch wound migration assay and Transwell migration assay on primary lung fibroblasts. Primary fibroblasts were pretreated with CB1R-selective agonist ACPA (0, 10, 30 μM) before stimulating with TGF-β1 for 24 h. In EdU cell proliferation assay, TGF-β1 significantly stimulate the proliferation of fibroblasts, as obviously increased EdU-positive cells were seen in TGF-β1 group than those in the control group, and it was reduced by ACPA (10, 30 μM) treatment (Figures 4A, D). Consistently, TGF-β1 significantly spurred fibroblasts to migrate to the scratch guidelines in scratch wound healing assay, while ACPA alleviated the fibroblast migration with the high concentration (30 μM) of ACPA showing a nearly radical inhibition (Figures 4B, E). Moreover, numbers of transmigrating fibroblasts were much higher among TGF-β1-challenged fibroblasts than controls, while ACPA (30 μM) obviously decreased the migration of the lung fibroblasts toward fetal bovine serum (Figures 4C, F). Thus, we concluded that CB1R-selective agonist ACPA restrained cell proliferation, migration, and motility of lung fibroblasts triggered by TGF-β1.
[image: Figure 4]FIGURE 4 | ACPA subdued the cell proliferation and migration of primary lung fibroblasts triggered by TGF-β1. The cell proliferation, migration, and motility of TGF-β1-challenged fibroblasts were detected by EdU cell proliferation assay, scratch wound migration assay, and Transwell migration assay, respectively. Primary mouse lung fibroblasts were pretreated with vehicle or ACPA (10, 30 μM) 0.5 h before TGF-β1 stimulation. (A) Representative fluorescence images of EdU staining, nuclei: DAPI (blue), and proliferating cell: EdU + (red). (B) Representative images of scratch wounds taken at 24 h after scratch injury in scratch wound migration assay. (C) Representative images of the migrated fibroblasts in Transwell migration assay. (D) The ratio of proliferating positive cells in EdU cell proliferation assay. (E) Quantification of cell migration by measuring the area of the injured region compared with TGF-β1-challenged fibroblasts. (F) Cell counting of the migrated fibroblasts in Transwell migration assay. Values are mean ± SEM from three independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001.
Arachidonoylcyclopropylamide Downregulated TGF-β-Smad2/3 Signaling and the Expression of Snail and Slug in TGF-β1-Challenged Lung Fibroblasts
In the present study, we revealed that CB1R-selective agonist ACPA substantially suppressed ECM production both in the lung tissues of mice with pulmonary fibrosis and in TGF-β-challenged lung fibroblasts, indicating that CB1R activation downregulated TGF-β signaling mediated the expression of ECM proteins in pulmonary fibrosis. To manifest this, we investigated the activation of canonical TGF-β-Smad2/3 signaling and the levels of its downstream effectors in TGF-β1-challenged primary lung fibroblasts with ACPA treatment. Western blot showing that TGF-β1 stimulation resulted in the activation of canonical TGF-β-Smad2/3 signaling, assessed by the elevated p-Smad2 and p-Smad3 (Figures 5A–C), followed by the expression of downstream transcription factors Snail and Slug (Figures 5A, D, E), key regulators that mediated TGF-β-Smad signaling triggered the overexpression and excessive production of ECM proteins in pulmonary fibrosis. However, CB1R-selective agonist ACPA exerted a notable inhibition on elevated p-Smad2, p-Smad3, snail, and slug in lung fibroblasts spurred by TGF-β1 (Figure 5). These data indicate that CB1R activation acted as a negative regulation of canonical TGF-β-Smad2/3 signaling, downregulated TGF-β triggered Snail and Slug expression, and subsequent overexpression of ECM proteins in lung fibroblasts.
[image: Figure 5]FIGURE 5 | ACPA downregulated the activation of TGF-β-Smad2/3 signaling and the expression of downstream effectors snail and slug in TGF-β1-stimulated lung fibroblasts. (A) Western blots for p-Smad2, Smad2, p-Smad3, Smad3, slug, and snail in TGF-β1-challenged lung fibroblasts. Primary mouse lung fibroblasts were treated with vehicle or ACPA (10, 30, 100 μM) followed by TGF-β1 stimulation for 24 h. Quantification of p-Smad2 to Smad2 (B), p-Smad3 to Smad3 (C), snail (D), and slug (E) bands normalized to β-actin was pooled from three independent experiments. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
DISCUSSION
Pulmonary fibrosis is a life-threatening disease characterized by massive deposition of ECM in the lungs with hardly any therapeutic options. Using both in vitro and in vivo models of pulmonary fibrosis, we demonstrated that the expression of CB1R increased in lung fibroblasts in response to pulmonary fibrosis, and the pharmacologic activation of CB1R with its specific agonist ACPA protected against BLM-induced pulmonary fibrosis, significantly decreasing lung fibroblast migration and the excessive expression of ECM proteins (collagen, fibronectin, and α-SMA) stimulated by BLM in vivo or TGF-β1 in vitro, rather than the basal expression of ECM proteins in normal control lung fibroblasts. Moreover, we demonstrated that CB1R-selective agonist ACPA dose-dependently downregulated the activation of TGF-β-Smad2/3 signaling (reduced p-Smad2 and p-Smad3 levels) and the levels of its downstream effectors snail and slug, which are the transcription factors to regulate the expression of ECM proteins. These findings provided the first evidence that CB1R acted as a negative regulator for TGF-β1-Smad2/3 signaling and its associated fibroblast activation in pulmonary fibrosis (Figure 6), and thus, the overexpression of CB1R on fibroblasts might be a druggable target for the therapy of pulmonary fibrosis.
[image: Figure 6]FIGURE 6 | Schematic representation of the possible mechanism by which ACPA inhibits pulmonary fibrosis via TGF-β-Smad2/3 signaling-mediated lung fibroblast activation. TGF-β signals are transduced by TGF-β receptor, a TβRI, and TβRII heterodimeric receptor. TGF-β binding to and activating the TGF-β receptor results in the phosphorylation of transcription factors Smad2 and Smad3. The phosphorylated Smad2 and Smad3 then combine with Smad4 in the cytoplasm, and translocate to the nucleus to induce gene transcription, including transcription factor snail and slug and the subsequent unremitting expression of ECM proteins. ACPA selectively binds to and activates CB1R of lung fibroblasts, which downregulates TGF-β–Smad2/3 signaling and lead to blockage of ECM production/deposition triggered by TGF-β, by an unknown Gi signaling-independent way.
ECS is an evolutionarily conserved network of signaling systems comprising receptors (such as CB1, CB2, or TRPV-1), their endogenous lipid ligands, or endocannabinoids and synthetic and metabolizing enzymes, present nearly everywhere in the human body. ECS is deeply involved in the maintenance of bodily homeostasis by modulating a wide variety of physiological/pathological processes all over the body (Pacher and Kunos, 2013; Iannotti et al., 2016; Zhou et al., 2021). This is achieved through a negative feedback loop, which works by the activation of synthesis and release of endocannabinoids as they target cannabinoid receptors (Iannotti et al., 2016; Zhou et al., 2021). Increased activity of the endocannabinoid/CB1R system was also reported to be parallel with the pathogenesis of pulmonary fibrosis and associated with the increased tissue levels of interferon regulatory factor-5, and the pathogenesis of pulmonary fibrosis, while CB1R inhibition, especially the combined CB1R/iNOS inhibition, has antifibrotic efficacy in bleomycin-induced pulmonary fibrosis (Cinar et al., 2017). Numerous evidence have demonstrated that CB1R was increased and got involved in the progression of multiple organ fibrosis, including the liver (Patsenker et al., 2011), kidneys (Lecru et al., 2015), heart (Slavic et al., 2013), skin (Lazzerini et al., 2012; Garcia-Gonzalez et al., 2016; Cinar et al., 2017), and pulmonary fibrosis as well (Bronova et al., 2015; Cinar et al., 2017). Although the CB1R was consistently found highly activated in the pathogenesis of pulmonary fibrosis, the role of activated CB1R in fibrosis is controversial. Correia-Sá et al. found that CB1R agonist ACEA increases, and antagonist AM251 reduces, collagen deposition induced by TGF-β in the fibroblasts obtained from abdominal human skin (Correia-Sá et al., 2021). However, it has been recently proposed that cannabinoids, natural CB1R agonists, may manifest as profibrotic or antifibrotic agents in skin fibrosis (Pryimak et al., 2021). Moreover, CB1R inhibitor rimonabant or the deletion of CB1R did not prevent, limit, or reverse fibrosis in a substantial body of studies (Teixeira-Clerc et al., 2006; Cinar et al., 2016; Wang et al., 2021). Although the overactivity of CB1R was found contributing to the pathogenesis of pulmonary fibrosis, the pharmaceutical development of CB1R antagonist and their potential therapeutic uses in fibrosis was halted (Cinar et al., 2016). On the other hand, the phytocannabinoids (THC, cannabidiol, cannabichromene, and cannabinol) and synthetic preparations (Cesamet, Marinol, and Sativex) are candidates for development as anti-inflammatory and antifibrotic agents (Zurier and Burstein, 2016). In the present study, we found that CB1R expression dramatically increased in lung tissues and fibroblasts in response to experimental pulmonary fibrosis, but showed that its selective agonist ACPA exhibited marked antifibrotic effect both in vitro and in vivo models of pulmonary fibrosis, which was inconsistent with CB1R inhibition that ameliorated fibrosis (Bronova et al., 2015; Cinar et al., 2017; Correia-Sá et al., 2021). This inconsistency is due to different tissues (lungs, liver, kidneys, or skin), cell types (macrophages vs. fibroblasts), pathologic stages of fibrotic diseases (inflammatory stage vs. fibrosis stage), and various types of G-protein signaling triggered by CB1R. Previous studies have paid close attention to inflammation period and macrophage functions in pulmonary fibrosis, and the inhibition of CB1R exhibited anti-inflammatory properties (Cinar et al., 2017). While CB2R is expressed primarily in spleen and immune system cells, it had been demonstrated that CB2R agonists can be used to treat inflammation-related diseases. In the supplemental experiments, we showed that CB2R expression was much lower in lung fibroblasts, and its level was not observably changed by TGF-β1 or ACPA treatment, and the CB2R mRNA levels in lung fibroblasts from BLM-challenged mice were increased but with no significant differences, indicating that CB2R in lung fibroblasts might not be involved in the inhibition of ACPA on TGF-β1-stimulated fibroblast activation. However, fibroblasts are responsible for mediating the synthesis and deposition of ECM and deteriorating fibrosis in pulmonary fibrosis. It was shown that CB1R in mononuclear cells was involved in inflammation, while CB1R in fibroblastic cells contributed to wound healing (Zhao et al., 2010). So, the modulation of fibroblast CB1R on ECM production might have more impact on fibrosis.
CB1R primarily activates Gi/o proteins, which cause downstream inhibition of cAMP accumulation mediated via the pertussis toxin-sensitive Gi α-subunit inhibition of adenylyl cyclase. In the supplemental experiments, we used forskolin, a potent adenylate cyclase activator to generate the second messenger, cAMP, to detect the involvement of PKA/cAMP signaling pathway in ACPA-induced downregulation on TGF-β-induced fibroblast activation and found that forskolin did not reverse the inhibition of ACPA on TGF-β1-stimulated ECM production (collagen and α-SMA) of fibroblast (Supplementary Figures S2A, B). Although, the activation of Gi subunit triggered by CB1R was shown to have some limit on uncontrolled fibrosis processes (Garcia-Gonzalez et al., 2009), our results suggest that it might not via PKA/cAMP signaling pathway and that ACPA downregulates TGF-β1 signaling and inhibits ECM production by fibroblasts (Figure 6). In addition to Gi/o proteins, CB1R can also couple to Gs, Gq, and G12/13 α-subunits and Gi βγ-subunit depending on the cellular/protein context, which should not be ruled out. Different agonists can also elicit different patterns of G-protein coupling, e.g., WIN55212-2, but not Δ9-THC and ACEA, is able to stimulate G12/13 in mouse cortex (Diez-Alarcia et al., 2016). Like many other GPCRs, CB1R is internalized, which generally occurs as a result of intensive stimulation by an agonist, subsequent receptor phosphorylation, and β-arrestin binding, followed by clathrin-mediated endocytosis (Fletcher-Jones et al., 2020). Binding of β-arrestin 2 to the type III TGF-β receptor (TβRIII) was also triggered by phosphorylation of the receptor mediated by the type II TGF-β receptor (TβRII), which is itself a kinase like GRK, and leads to internalization of both receptors and downregulation of TGF-β signaling (Chen et al., 2003). Thus, the internalization of ACPA-activated CB1R and TGF-β1-activated TGF-β receptors might be intertwined, and ACPA might downregulate TGF-β signaling by promoting the endocytosis of TGF-β receptors. This was partly supported by our immunofluorescence analysis on TGF-β receptors located on the cell membrane surface. Our preliminary results showed that TβRII was present predominantly on the cell surface in TGF-β1 (20 ng/ml)-stimulated fibroblasts, and it significantly decreased with ACPA (30 μM) administration together with TGF-β1 (Supplementary Figure S3). Nevertheless, direct evidence that CB1R regulated the endocytosis of TGF-β receptors is needed.
The unclear mechanism and etiology render the current therapy, targeting the pulmonary fibrosis, hardly receiving positive feedback among patients. The activation of lung fibroblasts and their accumulation of excessive ECM proteins is essential to develop pulmonary fibrosis and associated with severity of the disease in patients with pulmonary fibrosis (Kasam et al., 2020). Thus, the profibrotic factors in lung fibroblasts is considered an important therapeutic target to develop novel and effective therapies against pulmonary fibrosis. Actually, nintedanib, one of the two approved drugs for fibrotic disease, has been shown to impact signaling pathways of fibroblast activation by inhibiting multiple tyrosine kinases (Wollin et al., 2015), suggesting that therapeutic approaches targeting fibroblasts are effective to prevent/reverse fibrosis and alleviate pulmonary fibrosis. TGF-β is of greatest interest, as it strongly activates fibroblasts and facilitates ECM production to induce progressive fibrosis in numerous fibrotic diseases (Aschner et al., 2020; Khalil et al., 2017; Derynck and Zhang, 2003). However, TGF-β blockade (e.g., fresolimumab and metelimumab) has major side effects, such as carcinogenesis, systemic autoimmunity, etc.,. due to the pleiotropic roles of TGF-β (Henderson et al., 2020). Thus, strategies to avoid these deleterious effects could involve inhibiting TGF-β signaling selectively in excessive activated lung fibroblasts, as TGF-β-triggered Smad2/3 signaling is pivotal in the induction of pulmonary fibrosis in animal models (Figure 6) (Aschner et al., 2020). In this work, we analyzed the effects of CB1R-selective agonist ACPA on TGF-β1-challenged lung fibroblasts and found that ACPA markedly suppressed TGF-β1-stimulated activation of TGF-β-Smad2/3 signaling with decreased phosphorylation levels of Smad2 and Smad3 in lung fibroblasts, in addition to reducing the expression of ECM proteins and the transcription factors snail and slug, but hardly having an impact on the expression of ECM proteins in lung fibroblasts under normal conditions. In addition, slug and snail are markers of the epithelial–mesenchymal transition (EMT), which is a process whereby part of the lung epithelial cells, mainly type II alveolar epithelial cells (AT2), transition into cells of the mesenchymal phenotype, such as fibroblasts, or myofibroblasts, and it has been shown to be a critical stage during the development of fibrosis (Nieto et al., 2016). As ACPA inhibited TGF-β1-induced expression of EMT-related transcription factors, slug and snail, and CB1R is also found in epithelial cells, including AT2 cells (Cinar et al., 2017), it might be possible that the activation of CB1R in the pathogenesis of pulmonary fibrosis also prevented EMT derived from AT2 cells and the ECM it generated. These results revealed that CB1R activation, which acted as a negative regulation of canonical TGF-β-Smad2/3 signaling, downregulated TGF-β-triggered overexpression of ECM proteins in lung fibroblasts, but did not affect normal ECM production, and CB1R agonist was proven useful as a potential therapeutic option for pulmonary fibrosis. ACPA itself, however, is unlikely to be used in clinical practice because of a short half-life and its lipophilic characteristic to easily enter the central nervous system, while the fibroblast-selective CB1R agonist like ACPA nanoparticles and agonistic antibodies to CB1R would be promising therapeutic drugs for pulmonary fibrosis that might be used clinically.
In summary, our study showed ACPA, a selective agonist of CB1R, which expression increased in pulmonary fibrosis, exhibited antifibrotic efficacy in both in vitro and in vivo models of pulmonary fibrosis, inhibited TGF-β1-stimulated lung fibroblast activation and fibrotic ECM production via downregulating TGF-β1-Smad2/3 signaling, revealing a novel anti-fibrosis approach to fibroblast-selective negative regulation of TGF-β-Smad2/3 signaling by targeting CB1R. New candidates selectively targeted to activate CB1R on lung fibroblasts might be effective clinical agents for the treatment of pulmonary fibrosis.
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Background: Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive disorder with a poor prognosis. Although dihydromyricetin (DHM), extracted from vine tea and other Ampelopsis species, has been proven to have anti-inflammatory and antioxidant functions, the effects of DHM on IPF remain unclear.
Methods: The effects of DHM on the differentiation, migration, proliferation, and respiratory functions of primary mouse lung fibroblasts (PMLFs) and primary human lung fibroblasts (PHLFs) were detected by western blotting, the Transwell assay, EdU staining, and the Mito Stress test. Then, the impacts of DHM on bleomycin (BLM)-induced pulmonary fibrosis were evaluated by pathological staining, western blotting, and coimmunofluorescence staining. The signaling pathway influenced by DHM was also investigated.
Results: DHM could regulate the differentiation of fibroblasts to myofibroblasts and suppress the abnormal migration, proliferation, and respiratory functions of myofibroblasts induced by TGF-β1 or myofibroblasts from IPF patients. DHM could also alleviate pulmonary fibrosis induced by BLM. All these effects were achieved by regulating the STAT3/p-STAT3/GLUT1 signaling pathway.
Conclusion: DHM could regulate the abnormal functions of myofibroblasts induced by TGF-β1 and myofibroblasts from IPF patients and alleviate pulmonary fibrosis induced by BLM; thus, DHM might be a candidate medicinal treatment for IPF.
Keywords: idiopathic pulmonary fibrosis, dihydromyricetin, fibroblast, myofibroblast, GLUT1, glucose metabolism
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF), characterized by chronic and progressive fibrosis of the interstitial lung tissue, is an irreversible and fatal lung disease with a poor prognosis (Richeldi et al., 2017). Historical clinical evidence suggests that the median survival of untreated IPF patients is approximately 2–3 years after diagnosis, and the mortality rate of IPF patients remains high, although some antifibrotic treatments (pirfenidone and nintedanib) have been adopted (Lederer and Martinez, 2018). Therefore, new drugs for the treatment of IPF patients are urgently needed.
The histopathological characteristics of IPF are the formation of fibroblast foci and deposition of disordered collagen and an extracellular matrix (ECM) (Wolters et al., 2014). Although the precise initiation factors that lead to these disorders remain unknown, it is widely recognized that the pathological process of IPF is related to fibroblasts and myofibroblasts (Chanda et al., 2019). Previous studies have suggested that various cytokines, such as the transform growth factor (TGF-β), and signaling pathways, such as the STAT/pSTAT3 pathway, can promote fibroblast differentiation into myofibroblasts and ultimately result in fibrosis of the lung tissue (Zehender et al., 2018). For this reason, restraining the differentiation of fibroblasts into myofibroblasts may block the initiation of fibrosis, while reversing this differentiation process might lead to a breakthrough treatment for IPF (Wei et al., 2019).
Dihydromyricetin (DHM, the structure of which is shown in Figure 1), a natural flavonoid extracted from vine tea and other Ampelopsis species, has anti-inflammatory and antioxidant effects and has been proven to inhibit liver fibrosis and diabetic nephropathy (Liu et al., 2019; Zhou et al., 2021). However, its effects on pulmonary fibrosis have not been determined. As inflammation and oxidative stress participate in the process of lung fibrosis (Heukels et al., 2019; Otoupalova et al., 2020), we hypothesized that DHM would be a good potential drug for the prevention and treatment of pulmonary fibrosis.
[image: Figure 1]FIGURE 1 | Chemical structure of dihydromyricetin.
To test the feasibility of our hypothesis, we detected the effects of DHM on the differentiation, proliferation, and migration of primary fibroblasts from the lungs of IPF patients and control subjects or those from mice, and to explore whether the STAT3/p-STAT3/GLUT1 signaling pathway is involved in these effects, we also used bleomycin (BLM) to induce pulmonary fibrosis in male mice and confirmed the effects of DHM in the mouse model. Our findings suggest that DHM could alleviate pulmonary fibrosis in the mouse model and restrain the differentiation, proliferation, and migration of fibroblasts or myofibroblasts via the STAT3/pSTAT3/GLUT1 signaling pathways. Together, our studies suggest that DHM may be a novel treatment for IPF patients.
MATERIALS AND METHODS
Human Samples
Lung tissues were collected from IPF patients (n = 9) and donors (n = 6) during lung transplantation surgery. The diagnosis of IPF was made according to consensus diagnostic criteria from the American Thoracic Society (ATS)/European Respiratory Society (ERS) (Raghu et al., 2019). All patients provided informed written consent. The study was approved by the Human Assurance Committee of the China–Japan Friendship Hospital.
Animals
WT C57BL/6 male mice aged 8–10 weeks were purchased from GemPharmatech Co., Ltd. (Nanjing, China). All animals were bred in a specific pathogen-free environment at the China–Japan Friendship Hospital and randomly assigned to four groups: 1) the saline group, 2) the DHM group, 3) the BLM (Hanhui Pharmaceuticals Co., Ltd.) group, and 4) the BLM + DHM group. Pulmonary fibrosis was induced by BLM treatment. The mice in the BLM group and the BLM + DHM group were anesthetized with 1% pentobarbital sodium (50 mg/kg) and intratracheally administered 1.5 U/kg BLM in 50 μL of sterile saline. For mice in the saline group and the DHM group, BLM was replaced with the same volume of saline. DHM was administered by gavage to mice in the DHM group and the BLM + DHM group on day 14 after BLM administration and every day until day 27. Finally, the mice were euthanized on day 28 to analyze pulmonary fibrosis. All experimental procedures complied with the International Association of Veterinary Editors guidelines of 2010 and the Guide for the Care and Use of Laboratory Animals, 8th edition, 2011. All protocols were approved by the Institutional Animal Care and Use Committee of the China–Japan Friendship Hospital (zryhyy11-20-09-4).
Cell Culture
Primary mouse lung fibroblasts (PMLFs) were isolated from the lung tissue from wild-type (WT) C57BL/6 male mice at 2 weeks of age. Primary human lung fibroblasts (PHLFs) were isolated from the fibrotic lung tissue of IPF patients (IPF-HLF) or the normal lung tissue of donors (N-HLF) (Wang Q. et al., 2021). All cells were verified by coimmunofluorescence analysis with anti-fsp-1 (Proteintech, 66489-1-Ig, 1:200) and anti-alpha-smooth muscle actin (α-SMA) (Abcam, ab124964, 1:200). The purity of the cells used in our study was more than 90%. All the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 20% fetal bovine serum (FBS) and penicillin/streptomycin at 37°C and 5% CO2 and used between passages 3 and 5. PMLFs were stimulated with DHM (100 μM/200 μM/300 μM) (Ruifensi, Chengdu, China) or an equal amount of DMSO (Sigma, C6164) 1 h before treatment with mouse recombinant TGF-β1 (15 ng/ml) (MCE, HEK293) for 36 h, and IPF-HLFs and N-HLFs were treated with only DHM (100 μM/200 μM/300 μM) or an equal amount of DMSO for 36 h.
Cell Viability Assay
The viability of PMLFs and PHLFs was detected by the Cell Counting Kit-8 (CCK-8) assay (Beyotime, Shanghai, China) (Wang et al., 2020). Initially, 5 × 103 cells/well were seeded in 96-well plates and then treated with different concentrations of DHM (100 μM, 200 μM, 300 μM, 400 μM, or 500 μM) or 1‰ DMSO for 36 h. After the treatment was finished, 5 mg/ml CCK-8 reagent was added and incubated for 2 h, and cell viability was quantified by calorimetry.
Western Blotting and Antibodies
Lung tissues or fibroblasts were homogenized in RIPA lysis buffer (Beyotime, Shanghai, China), to which two kinds of protease inhibitor cocktails (MCE, HY-K0022) had also been added. The proteins were separated on polyacrylamide gels and finally detected with a chemiluminescence substrate system (Bio–Rad Laboratories, CA, United States and Tanon, Shanghai, China) (Miao et al., 2020). The antibodies used for western blotting were as follows (Table 1).
TABLE 1 | Information of the primary antibody used for cells and model mice.
[image: Table 1]Cell Migration Assay
Cell migration was detected by using Transwell inserts with membranes with an 8.0 μM pore size (Corning, MA, United States) according to previously reported methods. A total of 3 × 104 cells were suspended in 2% FBS containing DMEM and seeded into the upper chambers. DMEM containing 20% FBS was added to the lower chambers as a chemoattractant for cells in the upper chambers. After incubation for 24 h, cells that had migrated through the membrane were stained with 1% crystal violet (Solarbio, Beijing, China).
Cell Proliferation Assay
PMLFs and PHLFs were cultured in 96-well plates at a density of 5 × 103 cells/well. Cell proliferation was detected by using the EdU proliferation assay (RiboBio, Guangzhou, China). After being seeded in plates and incubated with DHM or DHM combined with TGF-β1 for 18 h, the cells were labeled with EdU for 2 h at 37°C and 5% CO2, subjected to Apollo staining and Hoechst 33342 staining, and observed by fluorescence microscopy (Leica, DMi8, Germany).
Seahorse XF Cell Mito Stress Test
The oxygen consumption rate (OCR) was detected with a Mito Stress test kit using a Seahorse XFe24 analyzer (Agilent Technologies). PHLFs were first seeded in XF24 cell culture plates at a density of 2×104 cells/well and treated with DHM for 36 h. After the treatment was finished, the Cell Mito Stress assay medium was prepared according to the assay instructions and added to the XF24 plate. Finally, the OCR was detected with a Seahorse instrument.
Histological Analysis
After inflation with 300 μL of 4% paraformaldehyde, the left lung of each mouse was removed and immersed in 4% paraformaldehyde for at least 24 h at room temperature. Then, the left lung was embedded in paraffin and sliced into 3 μM sections. The lung tissues were separately subjected to hematoxylin and eosin (H&E) staining, Sirius red staining, Masson staining, and immunohistochemistry. Assessment with the Ashcroft scoring system and immunohistochemistry were carried out as described previously (Wang Q. et al., 2021), and the severity of lung fibrosis was evaluated by the Ashcroft score (Ashcroft et al., 1988).
Immunofluorescence Analysis
Each slide containing the lung tissue was incubated with anti-collagen I (Proteintech, 66761-1-Ig, 1:200) and anti-α-SMA (Proteintech, 14395-1-AP, 1:200) antibodies overnight at 4°C. After incubation, the slide was washed three times with PBS and then incubated with HRP- or 488-conjugated anti-mouse antibody and Alexa Fluor 594-conjugated anti-rabbit antibody (ZSGB-BIO, ZF-0512/0516, 1:400) for 1 h at room temperature. The slide was finally embedded with 4,6-diamino-2-phenylindole (DAPI) and analyzed under a fluorescence microscope (Wang Y. et al., 2021).
Statistical Analysis
All experimental data were analyzed by using GraphPad Prism (San Diego, CA, United States). Other data are expressed as the mean ± standard error of the mean (SEM) or standard deviation (SD), and an independent Student’s t-test was administered to analyze the statistical significance of differences between two groups. The one-way analysis of variance (ANOVA), followed by Dunnett’s t post-hoc test or Tukey’s test, was also performed on raw data. If data were not normally distributed, the Kruskall–Wallis test was performed, followed by Dunn’s multiple comparison test. p < 0.05 was used to indicate statistical significance. All data were tested for normalization before analysis.
RESULTS
In vitro Assessment of the Toxicity of Dihydromyricetin
To evaluate the toxicity of DHM in vitro, we treated PMLFs and PHLFs with increasing concentrations (100–500 μM) of DHM for 36 h. Notably, the CCK-8 assay revealed that the IC50 of DHM was 628 μM in PMLFs (Figure 2A) and 7556 μM in PHLFs (Figure 2B). These results also suggested that the population of cells was nearly unchanged when the concentration of DHM was below 400 μM. These results indicated that DHM may be safe for clinical applications.
[image: Figure 2]FIGURE 2 | Effects of DHM on the differentiation of fibroblasts. (A) Toxicity detection of DHM on PHLFs by the CCK-8 assay (n = 6). (B) Toxicity detection of DHM on PMLFs by the CCK-8 assay (n = 4). (C) Western blotting analysis of fibronectin, Col1a1, and α-SMA in PMLFs treated with DHM (n = 5). (D) Western blotting analysis of fibronectin, COL1A1, and α-SMA expression in PHLFs treated with DHM (n = 5). The data are represented as the mean ± SD of three independent experiments. Ordinary one-way ANOVA analysis was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Dihydromyricetin Regulates the Differentiation of Fibroblasts to Myofibroblasts
The differentiation of fibroblasts to myofibroblasts is pivotal in the onset of pulmonary fibrosis, and myofibroblasts play important roles in the progression of pulmonary fibrosis (Peyser et al., 2019). Therefore, we evaluated the effects of DHM on the TGF-β1-stimulated differentiation of PMLFs and IPF-HLFs. The results of western blotting demonstrated that TGF-β1 stimulation significantly increased expression of the differentiation markers fibronectin, Col1a1, and α-SMA in PMLFs (Figure 2C). More interestingly, when compared to those in the N-HLFs, the levels of FIBRONECTIN, COL1A1, and α-SMA were much higher in the IPF-HLFs (Figure 2D). Moreover, DHM markedly suppressed the levels of these proteins in PMLFs stimulated with TGF-β1 and in IPF-HLFs. Furthermore, the degree to which differentiation was alleviated was greater in the group treated with DHM at a high concentration (300 μM) (Figures 2C,D). All these results revealed that DHM could not only attenuate the differentiation of fibroblasts to myofibroblasts induced by TGF-β1 but also lead to the dedifferentiation of IPF-HLFs, indicating that DHM may be effective for preventing pulmonary fibrosis and restoring the fibrotic lung tissue in clinical applications.
Dihydromyricetin Facilitates Fibroblast Migration and Proliferation
In addition to the functional effect of DHM on differentiation, its functional effects on migration and proliferation were assessed by the Transwell assay and EdU staining, respectively. The results of the Transwell assay revealed that the migration ability was much higher in myofibroblasts than in fibroblasts, but DHM at 300 μM remarkably suppressed the migration of PMLFs (Figure 3A) and PHLFs (Figure 3B) across the Transwell membrane. As shown by the EdU staining test, fewer EdU-positive cells were noted in the DHM treatment groups than in the untreated groups of PMLFs stimulated with TGF-β1 (Figure 3C). A similar result was also observed in the IPF-HLFs (Figure 3D). The proliferation function of the IPF-HLFs was much higher than that of the N-HLFs, and DHM remarkably suppressed the proliferation function of the IPF-HLFs.
[image: Figure 3]FIGURE 3 | Effects of DHM on the proliferation, migration, and respiratory functions of fibroblasts. (A) Results for the Transwell assay in PMLFs treated with DHM. Images were captured at 100 × magnification (n = 5). (B) Results for the Transwell assay in PHLFs treated with DHM. Images were captured at 100 × magnification (n = 5). (C) Results for EdU staining in PMLFs treated with DHM. Images were captured at 200 × magnification (n = 5). (D) Results for EdU staining in PHLFs treated with DHM. Images were captured at 200 × magnification (n = 5). (E) Cell Mito Stress test results of PLHMs with DHM (a: basal respiration, b: ATP production, c: proton leak, d: maximal respiration, e: nonmitochondrial respiration) (n = 3). The data are represented as the mean ± SD of three independent experiments. Ordinary one-way ANOVA analysis was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Dihydromyricetin Decreased the Increased Oxygen Consumption Rate in IPF-HLFs
Patients with IPF exhibit symptoms of dyspnea and need supplemental oxygen treatment, so the oxygen consumption of myofibroblasts in fibroblastic foci and those in healthy areas may differ. Thus, the OCR was detected by the Seahorse XF Cell Mito Stress test. As we hypothesized, the OCR (especially the basal respiration and maximal respiration stage) of the IPF-HLFs was much higher than that of the N-HLFs, and DHM significantly suppressed the basal and maximal respiration (Figure 3E) in both N-HLFs and IPF-HLFs. However, the suppression rate appeared to be higher in N-HLFs than IPF-HLFs.
Dihydromyricetin Treatment Alleviated Pulmonary Fibrosis in a BLM Mouse Model
DHM has been proven to suppress the TGF-β1-induced differentiation of fibroblasts to myofibroblasts and regulate the differentiation of IPF-HLFs in vitro. To assess the effects of DHM in vivo, we established BLM-induced pulmonary fibrosis in mice, treated the mice with DHM, and assessed the degree of pulmonary fibrosis (Figure 4A). Intratracheal injection of BLM induced the destruction of the normal lung architecture and the formation of lung fibrosis, but lesions in the lung tissue induced by BLM were alleviated in the DHM-treated group, as evidenced by H&E and Masson and Sirius Red staining (Figure 4B). Furthermore, the Ashcroft score of the DHM-treated group was lower than that of the untreated group (Figure 4C). Additionally, similar results were also observed by assessment of the survival curves, and the DHM-treated group had a higher survival rate than the BLM group (Figure 4D).
[image: Figure 4]FIGURE 4 | Effects of DHM on the severity of lung fibrosis in mice after BLM induction. Saline n = 6, DHM n = 6, BLM n = 6, BLM + DHM n = 6. (A) Time course of BLM and DHM administration. (B) Histological analysis of the severity of lung fibrosis in mice after BLM induction. Images were captured at 50 ×, 200 ×, and 400 × magnification. (C) Ashcroft score in different groups of mice (n = 6). (D) Survival ratio in different groups of mice. The data are represented as the mean ± SD. Two-sided Student’s t-test was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
To further assess the effects of DHM on pulmonary fibrosis, we detected the levels of fibrotic markers (α-SMA, Col1a1, and fibronectin) by western blot analysis. Treatment with DHM markedly decreased the expression of fibrotic markers at the protein level in the BLM-induced mice (Figure 5A). Consistently, the same changes were also observed by immunohistochemistry (Supplementary Figure S1) and coimmunofluorescence (Figure 5B). The mice treated with BLM and DHM exhibited much lower levels of α-SMA, Col1a1, and fibronectin than those treated with BLM alone.
[image: Figure 5]FIGURE 5 | Effects of DHM on fibrosis markers in mice after BLM induction. Saline n = 6, DHM n = 6, BLM n = 6, BLM + DHM n = 6. (A) Western blotting analysis of fibronectin, Col1a1, and α-SMA expression in the lung homogenate from different groups. (B) Coimmunostaining of Col1a1 and α-SMA in the lung sections from different groups. Images were captured at 200 × magnification. The data are represented as the mean ± SD. Ordinary one-way ANOVA analysis was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Although DHM was proven to be nontoxic in vitro, its toxic effects were also measured in mice. Excitingly, no obvious toxic effects of DHM on mice were observed, and no perceptible differences were found between the DHM group and the untreated group upon pathological staining of multiple organs, such as the heart, liver, spleen, and kidney (Supplementary Figure S2A), and the determination of biochemical liver and kidney indices, such as aspartate aminotransferase (AST), aminotransferase (ALT), urea (UR), and serum creatinine (CR) levels (Supplementary Figure S2B). All these findings indicate that DHM was well tolerated and safe for treating pulmonary fibrosis in a BLM-induced mouse model.
Dihydromyricetin Regulates the STAT3/P-STAT3/GLUT1 Signaling Pathway
Because DHM could significantly suppress the increased OCR in myofibroblasts, DHM might regulate the glucose metabolism. Glucose transporter 1 (GLUT1), the most widely distributed glucose transporter in mammalian cells (Rylaarsdam et al., 2019), is critical for glycolysis and has been reported to be regulated by the STAT3/p-STAT3 signaling pathway (Shang et al., 2020). Previous studies have also demonstrated that the STAT3/p-STAT3 signaling pathway participates in the progression of fibrosis and that DHM can regulate the STAT3/p-STAT3 pathway (Li et al., 2017; Celada et al., 2018). Therefore, we hypothesized that the antifibrotic function of DHM might be achieved by regulation of the STAT3/pSTAT3/GLUT1 signaling pathway. To verify this hypothesis, western blotting was used to analyze the levels of STAT3, pSTAT3, and GLUT1. As expected, compared to those in N-HLFs, the levels of pSTAT3 and GLUT1 in IPF-HLFs were much higher, and DHM suppressed the expression of pSTAT3 and GLUT1 in vitro (Figure 6A). Similar results were also found in vivo. We observed that BLM administration remarkably induced the expression of pSTAT3 and GLUT1 in mouse lung tissues, while DHM treatment could effectively block this pathway and suppress the expression of both proteins (Figure 6B). To further confirm our findings, we tested the expression of GLUT1 in the lung tissues of IPF patients and control subjects by coimmunofluorescence (Figure 6C). The level of GLUT1 was significantly increased in IPF patients, especially GLUT1 levels in the fibrotic foci of lung tissues.
[image: Figure 6]FIGURE 6 | DHM affects the expression of pSTAT3/GLUT1. (A) Western blotting analysis of the levels of STAT3/p-STAT3/GLUT1 in PHLFs treated with DHM (n = 5). (B) Western blotting analysis of the levels of STAT3/p-STAT3/GLUT1 in the DHM-treated mouse model (n = 5). (C) Representative images for coimmunostaining of GLUT1 and α-SMA in the lung sections from control subjects and IPF patients. Images were captured at 100 × and 400 × magnification (control subjects = 5, IPF = 8). Representative images for Masson and H&E stain of an IPF patient. The data are represented as the mean ± SD. Ordinary one-way ANOVA analysis was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Colivelin, a brain-penetrant neuroprotective peptide and potent activator of p-STAT3 that was reported to significantly increase p-STAT3 protein levels in BV-2 cells (Fang and Zhang, 2021), was used to test the effects of DHM on the STAT3/p-STAT3/GLUT1 axis. Western blot analysis revealed that colivelin not only reversed the DHM-induced suppression of p-STAT3 and GLUT1 expression in IPF-HLFs but also promoted the expression of fibrotic markers (Figure 7A). As colivelin increased the expression of GLUT1, the OCR (Figure 7B) was also increased after treatment with colivelin. Further studies on the functions of IPF-HLFs found that the DHM-induced suppression of migration (Figure 7C) and proliferation (Figure 7D) was also abrogated after treatment with colivelin.
[image: Figure 7]FIGURE 7 | Colivelin reversed the effect of DHM on PHLFs. (A) Western blotting analysis of the levels of fibronectin, COL1A1, α-SMA, and STAT3/p-STAT3/GLUT1 in colivelin-treated PHLFs (n = 5). (B) Cell Mito Stress test results of colivelin-treated PLHMs (a: basal respiration, b: ATP production, c: proton leak, d: maximal respiration, e: nonmitochondrial respiration) (n = 3). (C) Results for the Transwell assay in colivelin-treated PLHMs (n = 5). (D) Results for EdU staining in colivelin-treated PLHMs (n = 5). The data are represented as the mean ± SD of three independent experiments. Two-sided Student’s t-test was applied. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
DISCUSSION
Our research showed that DHM could regulate the differentiation, migration, and proliferation functions of TGF-β1-stimulated fibroblasts and IPF-HLFs. DHM also alleviated BLM-induced pulmonary fibrosis in a mouse model (Figure 8A). Furthermore, regulation of the STAT3/p-STAT3/GLUT1 signaling pathway by DHM was found to be involved in this process (Figure 8B).
[image: Figure 8]FIGURE 8 | Mechanism of DHM on pulmonary fibrosis. (A) Schematic presentation of the mechanism in pulmonary fibrosis affected by DHM: TGF-β1 could induce fibroblasts to differentiate into myofibroblasts and overexpress fibronectin, Col1a1, and α-SMA in vitro, while DHM could suppress this differentiation progress by inhibiting the STAT3/p-STAT3/Glut1 signaling pathway; DHM could also alleviate pulmonary fibrosis induced by BLM via suppressing the differentiation of fibroblasts in the mouse model. (B) Intracellular signaling pathway of DHM: phosphorylation of STAT3 could promote the expression of GLUT1 and enhance the production of ATP, which eventually lead to the differentiation, proliferation, and migration of fibroblasts; DHM could regulate these functions by inhibiting the phosphorylation of STAT3. DHM might also regulate the respiratory chain directly and lead to the suppression of differentiation, proliferation, and migration of fibroblasts.
Before testing the effects of DHM on TGF-β1-induced fibroblasts and IPF-HLFs, we measured the toxicity of DHM in PMLFs and PHLFs. The CCK-8 assay was adopted to test the toxicity of DHM. Previous studies have suggested that the effective concentrations of DHM range from 1 to 200 μM in vitro and from 10 to 500 mg/kg/day in vivo (Zhang et al., 2018). Thus, in our research, five concentrations (100 μM, 200 μM, 300 μM, 400 μM, and 500 μM) were used. No obvious cell toxicity was observed at these concentrations. Interestingly, the toxicity of DHM was much lower in PHLFs than in PMLFs, suggesting that the activity in myofibroblasts might be greater than that in fibroblasts.
In recent studies on pulmonary fibrosis, TGF-β1 has been used to induce fibroblasts to differentiate into myofibroblasts. We also used 15 ng/ml TGF-β1 to stimulate PMLFs, and the concentration of DHM was set much lower than the IC50 value. Fibrotic markers (fibronectin, Col1a1, and α-SMA) were increased after TGF-β1 treatment, and these changes were suppressed by DHM in PMLFs. Although fibroblasts could be induced to differentiate into myofibroblasts by TGF-β1 in vitro, they did not completely imitate the functions of pulmonary myofibroblasts in vivo (Epstein et al., 2020). Then, we isolated IPF-HLFs and N-HLFs. Interestingly, the levels of fibrosis-associated proteins were much higher in IPF-HLFs than in N-HLFs, even without stimulation with TGF-β1. Treatment with DHM not only suppressed the expression of these proteins in PMLFs but also seemed to demonstrate stronger inhibitory effects in IPF-HLFs. These findings provide firm evidence that DHM did in fact regulate the differentiation of IPF-HLFs. In addition to differentiation, the abnormally elevated migration and proliferation of myofibroblasts are also considered important in the progression of pulmonary fibrosis (Wollin et al., 2015). In our research, we found that the proliferation and migration functions of IPF-HLFs were also much stronger than those of N-HLFs. DHM was also found to affect these functions. The increased migration and proliferation of TGF-β1-induced fibroblasts or IPF-HLFs were clearly attenuated with DHM treatment. Our findings obtained with PMLFs and PHLFs indicated that DHM could not only suppress the activation effects of TGF-β1 on fibroblasts but also regulate the functions of IPF-HLFs. All these results suggest DHM might be a multifunctional medicine for the prevention and treatment of pulmonary fibrosis.
Shortness of breath and increasing cough are the most common clinical symptoms of IPF in patients (Pleasants and Tighe, 2019). Both damage to the normal lung tissue and oxygen exchange dysfunction contribute to hypoxia and respiratory failure in these patients (Richeldi et al., 2017). Even though under hypoxic conditions, myofibroblasts in the lung tissue still maintain a highly proliferative state (Senavirathna et al., 2018), we wondered whether the abnormal metabolism is related to increased proliferation. As the main nutrient used in eukaryotic cell proliferation is glucose and the metabolism of glucose mainly occurs in the mitochondria, we used the Seahorse XF Cell Mito Stress test to detect the OCR in fibroblasts and myofibroblasts and the effects of DHM on the OCRs. As illustrated by the OCR results, basal respiration, ATP production, and maximal respiration were all increased in the IPF-HLFs compared with the N-HLFs. More importantly, DHM significantly attenuated these functions in both N-HLFs and IPF-HLFs. As previously mentioned, the N-HLFs were more suppressed than IPF-HLFs by DHM in the suppression rate, and this phenomenon might be caused by the antagonism between the antioxidative effects of DHM and the high expression of GLUT1 on IPF-HLFs. DHM might suppress the mitochondrial respiration directly on N-HLFs and IPF-HLFs (Figure 8B). However, on IPF-HLFs, the high expression of GLUT1 contributed to the increase of OCRs and weakened the suppression effects of DHM. This finding also suggested that GLUT1 might participate into the progression of pulmonary fibrosis by regulating mitochondrial respiratory.
After verifying the effects of DHM on TGF-β1-induced PMLFs and IPF-HLFs, we also detected the effects of DHM on BLM-induced pulmonary fibrosis in a mouse model. According to previous studies, DHM can suppress liver fibrosis and renal interstitial fibrosis by inhibiting inflammation and injury induced by TGF-β1. To determine the therapeutic effects of DHM on pulmonary fibrosis, DHM treatment was applied after the formation of pulmonary fibrosis in our experiment. As the expression of fibrogenic genes started increasing on the 7th day and peaked on the 14th day after intratracheal injection of BLM, DHM treatment was started at the fibrosis stage from the 14th day to the 27th day following BLM induction. The mice were sacrificed on the 28th day. To our delight, the mice in the BLM + DHM group demonstrated greater remission of pulmonary fibrosis than those in the BLM group. Notably, no differences in survival rates were observed between the BLM group and the treatment group over the first 14 days (the inflammation stage), but in the fibrosis stage, the treatment group exhibited higher survival rates than the BLM group. These results suggest that DHM treatment after the formation of fibrosis effectively alleviated pulmonary fibrosis and was well tolerated in the BLM-induced mouse model.
As found previously, an abnormal metabolism was present in IPF-HLFs, and the abnormal metabolism can drive myofibroblasts to proliferate and secrete ECM in excess, ultimately aggravating pulmonary fibrosis. This process is similar to the process by which growth and migration are driven by the aberrant metabolism in tumors (Park et al., 2020). Studies have found that the STAT3/p-STAT3/GLUT1 pathway is involved in the metabolism and proliferation of cancer cells (Xu et al., 2016; Nagarajan et al., 2017). In our study, DHM downregulated the levels of p-STAT3 and GLUT1 in myofibroblasts. Further investigation revealed that DHM also suppressed the increase in p-STAT3 and GLTU1 levels induced by BLM in the model mice. Many studies have demonstrated that TGF-β1 can promote fibrosis via the STAT3/p-STAT3 pathway (Chakraborty et al., 2017; Dees et al., 2020); however, few of these studies have explored the effects of abnormal STAT3/p-STAT3 expression on IPF-HLFs. Our research showed that even without TGF-β1 stimulation, the increase in p-STAT3 still aggravated the dysfunction of IPF-HLFs, and regulating the level of p-STAT3 modulated the functions of IPF-HLFs. Some research has indicated that upregulated expression of GLUT1 in fibroblasts and macrophages can exacerbate pulmonary fibrosis (El-Chemaly et al., 2013; Andrianifahanana et al., 2016), and the pathways in which GLUT1 is involved are mostly focused on inflammation. Hence, this might be the first study to show that GLUT1 is regulated by p-STAT3 in IPF-HLFs and that this regulation participates in the abnormal glucose metabolism. Coimmunofluorescence analysis of lung tissues from IPF patients illustrated that the expression of GLUT1 in myofibroblasts located in fibroblastic foci was remarkably increased; more interestingly, the blood supply around the fibroblastic foci was also remarkably increased. These abnormal lung tissue features also explain why even though IPF patients always suffer from hypoxia, the activity of myofibroblasts in their lung tissue remains at a high level and promotes the progression of fibrosis. To further confirm the regulatory effects of DHM on the STAT3/p-STAT3/GLUT1 pathway, colivelin was used to increase the expression of p-STAT3. As expected, colivelin specifically upregulated the expression of p-STAT3, and the expression of GLUT1 was subsequently increased. To our delight, the DHM-induced suppression of myofibroblast differentiation, proliferation, and migration was nearly reversed by colivelin in DHM and colivelin-treated cells. However, the suppressed respiration functions of IPF-HLFs by DHM were partially reversed by colivelin, and this might be related to the antioxidative effects of DHM and the direct effects of DHM on mitochondrial respiration. These findings suggest that the antifibrotic effects of DHM might mainly depend on the STAT3/p-STAT3/GLUT1 signaling pathway.
Although pirfenidone and nintedanib have been approved for the treatment of IPF, the outcomes of IPF patients are still not optimistic, and new treatments are urgently needed (Caminati et al., 2019). As traditional Chinese medicine has attracted increasing attention, studies have illustrated that some herbal extracts have antifibrotic effects by suppressing the inflammation and oxidative stress induced by cytokines such as IL-6 and TGF-β1 (Wang et al., 2020; Wang Z. et al., 2021), but few of these medicines have been proven effective in clinical IPF patients. In our study, we isolated IPF-HLFs from the lung tissues of IPF patients, and DHM effectively regulated the differentiation, migration, and proliferation of IPF-HLFs. This finding provides substantial evidence that DHM is a candidate medicinal treatment for IPF. More interestingly, our findings suggest that GLUT1 participates in the differentiation of fibroblasts in the development of pulmonary fibrosis. Similar changes were also found in cancer cells (Ancey et al., 2018) as GLUT1 was found to promote the proliferation and migration of cancer cells (Oh et al., 2017; Gonzalez-Menendez et al., 2018; Li et al., 2020) and the regulation of GLUT1 and the glucose metabolism could suppress the proliferation and migration of cancer cells (Liu et al., 2012; Zambrano et al., 2019; Heydarzadeh et al., 2020). All these findings have led to new targeted therapy for cancer treatment. Our findings suggest that DHM could alleviate pulmonary fibrosis by suppressing GLUT1 in mice and might also lead to a breakthrough in the treatment of IPF by regulating the glucose metabolism in fibroblasts.
Our study also has some limitations. Although no perceptible toxicities were detected in vivo or in vitro in our study, the blood concentration and pharmacokinetics of DHM remain unclear and should be investigated in the future. Second, DHM is a lipid-soluble drug, which limits the bioavailability of DHM. Thus, more research to improve the bioavailability of DHM is needed.
CONCLUSION
Our research suggests that DHM could alleviate pulmonary fibrosis in vitro and in vivo via the STAT3/p-STAT3/GLUT1 signaling pathway. The antifibrotic effects of DHM are achieved by regulating the abnormal glucose metabolism in myofibroblasts. This finding provides us with new insight indicating that metabolic therapy might be a breakthrough for IPF treatment. We would be delighted if our work could act as a sufficient theoretical basis for this new research direction.
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Supplementary Figure S1 | Immunohistochemistry of fibronectin, Col1a1, and α-SMA in the lung sections from different groups (n = 6).
Supplementary Figure S2 | Toxic effects of DHM on mice. (A) Histological analysis of the inflammation levels of multiorgans in different groups (n = 6). Images were captured at 100 × magnification. (B) Levels of biomarkers of the liver and kidney in different groups (n = 6). The data are represented as the mean ± SD. Two-sided Student’s t-test was applied.
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Chitinase 1 (CHIT1) and chitinase 3-like-1 (CHI3L1), two representative members of 18-Glycosyl hydrolases family, are significantly implicated in the pathogenesis of various human diseases characterized by inflammation and remodeling. Notably, dysregulated expression of CHIT1 and CHI3L1 was noted in the patients with pulmonary fibrosis and their levels were inversely correlated with clinical outcome of the patients. CHIT1 and CHI3L1, mainly expressed in alveolar macrophages, regulate profibrotic macrophage activation, fibroblast proliferation and myofibroblast transformation, and TGF-β signaling and effector function. Although the mechanism or the pathways that CHIT1 and CHI3L1 use to regulate pulmonary fibrosis have not been fully understood yet, these studies identify CHIT1 and CHI3L1 as significant modulators of fibroproliferative responses leading to persistent and progressive pulmonary fibrosis. These studies suggest a possibility that CHIT1 and CHI3L1 could be reasonable therapeutic targets to intervene or reverse established pulmonary fibrosis. In this review, we will discuss specific roles and regulatory mechanisms of CHIT1 and CHI3L1 in profibrotic cell and tissue responses as novel therapeutic targets of pulmonary fibrosis.
Keywords: chitinase 1, chitinase-like proteins, chitinase 3-like 1, pulmonary fibrosis, foxo3, tgfbrap1
INTRODUCTION
Pulmonary fibrosis is a devastating lung disease that affects up to 200,000 people in the US alone. Idiopathic Pulmonary Fibrosis (IPF) is the most common form of pulmonary fibrosis and has a poor life expectancy (2 to 3 years of median survival) after diagnosis (Michaelson et al., 2000; Ley et al., 2011). Currently, there are two FDA approved therapeutic drugs for PF: pirfenidone (Esbriet®) and nintedanib (Ofev or Vargatef®). These drugs provide substantial benefits by slowing disease progression, but they do not relive symptom or improve quality of life and are associated with severe side effects and prohibitively high cost. Additionally, available treatments do not reverse lung damage incurred during fibrotic progression, necessitating early treatments prior to the destruction of normal lung architecture. The only curative treatment for PF is a high-risk lung transplant and life-long anti-rejection treatments. However, lung transplants are associated with extreme morbidity and recipients often succumb to fibrotic rejection within 5–10 years of the transplant. Therefore, new drug or methods of prevention and treatment of PF are critically needed.
IPF is a progressive lung disease characterized by epithelial damage, fibroproliferative matrix deposition and parenchymal remodeling (Raghu, 1998; Selman et al., 2001; Krein and Winston, 2002). Although extensive epidemiological studies suggested that environmental and occupational exposure to noxious materials or particulate matters such as silica, air pollution, cigarette smoke or certain drugs cause fibrosis, the exact etiology of PF has largely remained “idiopathic”. TGF-β1 is believed to play an important role in this dysregulation because it is expressed in an exaggerated fashion in IPF where, in contrast to controls, a sizable percentage is biologically active (Khalil et al., 1996; Khalil et al., 2001; Xu et al., 2003). The important role that TGF-β1 may play in this disorder can be seen in studies that demonstrate that TGF-β1 is a critical mediator of pulmonary fibrosis after bleomycin injury (Nakao et al., 1999; Yehualaeshet et al., 2000) and that high dose adenoviral TGF-β1 transfer or lung-specific transgenic expression causes progressive pulmonary fibrosis in vivo (Sime et al., 1997; Kelly et al., 2003; Lee et al., 2004) and IPF-like fibroblastic foci in vitro explants (Xu et al., 2003). However, the factors that control these TGF-β1 responses that allow TGF-β1 to contribute to the pathogenesis of pulmonary fibrosis are still poorly understood.
Recent studies identified that chitinase 1 (CHIT1) and chitinase 3-like-1 (CHI3L1), two representative members of 18-Glycosyl hydrolase (18-GH) family, are significantly implicated in the pathogenesis of various human diseases characterized by inflammation and remodeling (Kanneganti et al., 2012; Hong et al., 2018; Zhao et al., 2020). Dysregulated expression of CHIT1 and CHI3L1 was noted in the patients with pulmonary fibrosis and their levels were inversely correlated with clinical outcome of the patients (Lee et al., 2012; Zhou et al., 2014). The macrophages are the major cells expressing CHIT1 and CHI3L1, and in vitro and in vivo studies demonstrated their regulatory roles in profibrotic macrophage activation, fibroblast proliferation, myofibroblast transformation, and TGF-β signaling and effector function (Lee et al., 2012; Zhou et al., 2014; Zhou et al., 2015; Lee et al., 2019). Preclinical studies using animal model of pulmonary fibrosis further demonstrated that both CHIT1 and CHI3L1 are sufficient and required for fibroproliferative responses. These studies suggest a possibility of re-programing of these profibrotic cells to reverse established pulmonary fibrosis by intervention of CHIT1 and or CHI3L1. Here we will overview the recent progress that revealed a new paradigm on the pathogenesis of pulmonary fibrosis and will discuss a new therapeutic strategy by targeting both CHIT1 and CHI3L1.
Current Therapeutics Being Used in the Patients With Pulmonary Fibrosis
Most clinical trials have been conducted on the patients with IPF based international multidisciplinary consensus classification of idiopathic interstitial pneumonias (Demedts and Costabel, 2002). Since the role of specific inflammatory cells in the pathogenesis of fibrosis is controversial (Gauldie, 2002; Strieter, 2002), anti-inflammatory agents represented by corticosteroids did not show a significant effect in the treatment of IPF (Richeldi et al., 2003). In addition, considering the risk of potential side effects, long-term, systemic use of high-dose anti-inflammatory drugs are not recommended. Even with combinatorial approaches using multiple drugs, prednisone, azathioprine, and N-acetylcysteine (NAC), rather increased the risk of death and hospitalization in IPF patients compared to the patients with placebo (Idiopathic Pulmonary Fibrosis Clinical Research et al., 2012). Anticoagulant warfarin did not show a benefit in the treatment of patients with progressive IPF (Noth et al., 2012). Ambrisentan, a selective endothelin receptor antagonist, was not effective in treating IPF and may be associated with an increased risk for disease progression and respiratory hospitalizations (Raghu et al., 2013). Imatinib, a serine/threonine kinase inhibitor, also did not affect survival or lung function (Daniels et al., 2010). Thus, these drugs either in single or combinational uses are not strongly recommended for the patients with IPF in the current guidelines (Raghu et al., 2015). The use of phosphodiesterase-5 inhibitor (Sildenafil) and dual endothelin receptor antagonists (Macitenta and Bosentan) were considered to use in certain cases of IPF patients with pulmonary arterial hypertension, but recent clinical studies did not show significant benefits of these drugs to these patients (Lee and Song, 2020; Kang and Song, 2021).
The currently recommended FDA-approved drugs for IPF are pirfenidone and nintedanib. Both pirfenidone and nintedanib have been shown to slow the lung function deterioration. Pirfenidone is a small synthetic molecule with antifibrotic properties. It reduce the expression of TGF-β in the lung and inhibits the recruitment of fibrocytes to the lung in bleomycin-induced lung fibrosis model (Myllärniemi and Kaarteenaho, 2015). In a phase II study, significantly reduced loss of VC was demonstrated in patients with pirfenidone (Taniguchi et al., 2010). Following phase III studies showed a beneficial effect on reduction in decline of FVC for pirfenidone compared to placebo (Noble et al., 2011; King et al., 2014). Nintedanib is an inhibitor of the Src family of tyrosine kinases, that inhibits VEGF and PDGF receptors (Myllärniemi and Kaarteenaho, 2015). Nintedanib inhibited proliferation, migration, and transformation of fibroblasts to myofibroblasts (Wollin et al., 2015). In two replicate phase 3 trials, nintedanib reduced the decline in FVC, which is consistent with a slowing of disease progression (Richeldi et al., 2014). There is no head-to-head comparison study performed between pirfenidone and nintedanib. Since currently available antifibrotic drugs cannot control or reverse the disease status, but only slow the loss of lung function, there is a strong need for effective, and less-toxic therapeutic methods available for the patients with pulmonary fibrosis.
Major Cellular and Tissue Factors Implicated in Pathogenesis of Pulmonary Fibrosis
Tissue fibrosis is a major cause of morbidity in pulmonary fibrosis. As a normal repair response, fibrosis is a series of process of cellular damage caused by various conditions that initiate inflammation, recruitments of inflammatory cells, followed by final tissue repair and termination of inflammation. Loss of regulatory signals and imbalance in the process of wound healing leads to aberrant activation of repair response, causing pathologic fibrosis in various organs including lung, resulting in a disease state (Wilson and Wynn, 2009). Since excellent review articles detailing the molecules and signaling pathways involved in the pathogenesis of pulmonary fibrosis are already available (Micallef et al., 2012; Wolters et al., 2014; Sgalla et al., 2018; Strykowski and Adegunsoye, 2021), in this section, we only focus on the discussion of major factors leading to pathologic fibrosis, that can be also regulated by CHIT1 or CHI3L1 in the development and progression of pulmonary fibrosis. Pulmonary fibrosis comprises a number of different etiologies and pathologies with completely different clinical features and therapeutic responses. Accordingly, there are significant limitations in identifying common pathogenetic mechanisms of pulmonary fibrosis. This is particularly true for in vitro cell or in vivo preclinical animal models of pulmonary fibrosis, since currently no preclinical models are exactly representing the characteristic cellular and tissue responses of IPF and other interstitial lung disease (ILD). In addition, so far relatively small number of human studies with dysregulated expression of CHIT1 and/or CHI3L1 in the patients with IPF and ILD add certain limitations in direct clinical translation of preclinical data. With these limitations in mind, here the molecular and mechanistic implications of CHIT1 and CHI3L1 as potential therapeutic targets are discussed based on up-to-dated and common lung pathologies of pulmonary fibrosis.
Myofibroblasts
Compared to normal wound healing, excessive accumulation of myofibroblasts plays a key role in fibrotic tissue responses. Activated myofibroblasts expressing α-smooth muscle actin (SMA), collagens and other extracellular matrix noted at sites of fibrotic foci are one of the pathologic hallmarks of pulmonary fibrosis. Although multiple types of cells which include resident interstitial fibroblasts, circulating fibrocytes or progenitor cells, epithelial cells and endothelial pericytes have been thought as sources of myofibroblasts (Zent and Guo, 2018; Hung, 2020), the exact origin of myofibroblasts in fibrotic foci is still largely elusive. Recent single cell RNAseq analysis identified different subsets of fibroblasts which have distinct expression profile and nature in the development of fibrotic cellular and tissue responses (Tsukui et al., 2020). The fibroblasts isolated from the lungs of progressive IPF with expression of PD-L1 or specific integrin receptors, such as αvβ6, demonstrated higher invasiveness compared to normal lung fibroblasts (Chen et al., 2016; Geng et al., 2019). Thus, understanding the exact origin, differentiation, and activation mechanism(s) of invasive fibroblasts/myofibroblasts would be essential for the development of effective therapeutics against pulmonary fibrosis with invasive and progressive nature. While the myofibroblasts noted in the normal repair process are known to be removed from the sites of normal wound healing through apoptotic cell death response, the invasive myofibroblasts at site of pathologic fibrosis are resistant to dying out (Hinz and Lagares, 2020). Thus, either de-differentiate of the invasive myofibroblasts to normal fibroblasts through reprogramming or the induction of apoptosis of myofibroblasts could be a reasonable therapeutic strategy to reverse established fibrosis in the patients with IPF.
Profibrotic Macrophages
In addition to myofibroblasts, recent studies also revealed a new regulatory role of inflammatory and immune cells in the development and resolution of pathologic fibrosis. Notably, specific subset of macrophages called as “profibrotic macrophages” were identified in the lungs of IPF patients as well as in the animal models of pulmonary fibrosis (Misharin et al., 2017; Aran et al., 2019; Ayaub et al., 2021). These macrophages, originated from circulating monocytes but not form tissue resident macrophages, contribute to fibrotic tissue response through expression of profibrotic growth factors and cytokines as well as extracellular matrix proteins. Recent in vivo single cell and bulk RNA sequencing analysis revealed impressive phenotype changes in the development of profibrotic macrophages from the circulating monocytes to interstitial and resident alveolar macrophages according to the progress of fibrosis (Misharin et al., 2017; Aran et al., 2019; Ayaub et al., 2021). These studies strongly suggest that profibrotic macrophages play a critical role not only in the initiation but also progression and resolution of pathologic fibrosis. The impressive plasticity of the macrophages also supports a possibility of re-programming of the macrophages to reverse profibrotic to non-profibrotic macrophages as a therapeutic strategy of pulmonary fibrosis. Recent studies identified that Bcl2 coupled with Carnitine palmitoyltransferase 1a (Cpt1a), the mitochondrial rate-limiting enzyme for fatty acid β-oxidation, confers apoptosis resistance of macrophages at site of pathologic fibrosis and dysregulated fibrotic remodeling (Gu et al., 2021). Thus, further identification of the factors or the pathways regulating the recruitment, activation and clearance of profibrotic macrophages will be essential to understand the process of pathologic fibrosis as well as for the development of therapeutics to reverse established progressive pulmonary fibrosis.
Collagens and Extracellular Matrix
The pathologic hallmark of pulmonary fibrosis is excessive accumulation of various types of collagens and other extracellular matrix proteins. Traditionally, collagen accumulation at sites of pathologic fibrosis is considered as a result of imbalance between newly generated collagens vs. collagen degradation. On this regard, the prevailing hypothesis was that either deficiencies of collagen degrading enzyme matrix metalloproteinases (MMPs) or the excess of tissue inhibitors of metalloproteinases (TIMPs), that result into the dysregulated collagen accumulation (Pardo et al., 2016). However, in contrast to our expectation, recent preclinical studies using targeted null mutant mice demonstrated that MMP-9 or MMP-12 did not show significant impact on the bleomycin induced pulmonary fibrosis (Craig et al., 2015). In addition, TIMP1 null mutant mice also did not reduce collagen accumulation in the lungs of animal models of pulmonary fibrosis (Kim et al., 2005). These studies suggest that other intrinsic and extrinsic factors are implicated in the regulation of collagen accumulation in the lung. Recent studies brought attention to the increased collagen stability at sites of pathologic fibrosis compared to normal wound healing. The deficiency of Lysyl oxidase (LOX) or Lysyl Oxidase-like Proteins (LOX/Ls) significantly reduced collagen accumulation in lungs of murine model of pulmonary fibrosis, since processed collagen (cross-linked collagen) could not be efficiently degraded by collagen degrading enzymes (Tjin et al., 2017; Bellaye et al., 2018). Collagens with certain epigenetic changes were noted only in the lungs of IPF patients, further support this notion that aberrant collagens are generated and accumulated in the lungs of pulmonary fibrosis (Merl-Pham et al., 2019). The expression and the stability of the collagens can be also regulated by transcriptional factors or microRNA, such as mir29, that directly binds to collagen RNAs or other mechanism of posttranscriptional modifications (Yano et al., 2018). These studies further suggest a possibility that collagen modifying enzymes or interacting proteins contribute to the excessive accumulation of collagens in the lungs of patients with pulmonary fibrosis.
TGF-β Expression and Signaling
Many signaling pathways that regulate cell differentiation, migration, and transition are implicated in the pathology of pulmonary fibrosis (Chanda et al., 2019). Among these, TGF-β signaling pathway has long been considered as a key player in initiation and progression of pulmonary fibrosis (Yue et al., 2010). TGF-β induces epithelial or endothelial mesenchymal transition (EMT and EndoMT), fibroblast proliferation and myofibroblast transformation through canonical and noncanonical signaling molecules such as Smads, PI3K-AKT, and MAPK (Kasai et al., 2005; Kim et al., 2006; Hashimoto et al., 2010). TGF-β also known to play a significant role in resolution of fibrosis in the process of normal healing by inducing apoptosis of cells responsible for pathologic fibrosis (Müller et al., 1997; Tschopp et al., 1998). However, factors or pathways regulating effector function of TGF-β between normal repair vs. pathologic fibrosis are not still clearly understood.
Role of CHIT1 in the Pathogenesis of Pulmonary Fibrosis
Although mammals do not have chitin or chitin synthase, substantial levels of chitinases and chitinase-like proteins (CLP) are noted in the circulation as well as in local tissues (Lee et al., 2009; Lee et al., 2011; Cho et al., 2015). CHIT1, a major enzymatically active true chitinase, is produced, stored, and secreted by macrophages and neutrophils (van Eijk et al., 2005) and plays important roles in innate immune homeostasis (Elias et al., 2005). This can be appreciated in the pivotal roles it plays in host defenses against chitin-containing pathogens such as fungi, protozoa and insects (Boot et al., 2001). As a sensitive biomarker of macrophage activation, dysregulated expression of CHIT1 in the circulation or local tissue has been reported in a variety of human diseases including Gaucher’s disease, diabetes, sarcoidosis, inflammatory bowel disease, atherosclerosis, Alzheimer’s disease, NASH and prostate cancer (Kanneganti et al., 2012; Elmonem et al., 2016). Recent studies also demonstrated that CHIT1 is dysregulated in lung diseases characterized by inflammation and remodeling such as bacterial infection, asthma, COPD and pulmonary fibrosis (Lee et al., 2012; Cho et al., 2015; James et al., 2016; Hong et al., 2018; Sharma et al., 2018; Lee et al., 2019). Recent human and preclinical studies demonstrated that CHIT1 plays an important role in the pathogenesis of both IPF and scleroderma-associated interstitial lung disease (SSc-ILD) (Lee et al., 2012; Lee et al., 2019). These studies further identified specific signaling pathways and interacting partners that CHIT1 uses to contribute to the pathogenesis of pulmonary fibrosis.
CHIT1 Expression in Human Lung Fibrosis
Significant increases in the expression of CHIT1 were noted in lungs of the patients with SSc-ILD as well as in the IPF patients (Lee et al., 2012; Lee et al., 2019). The increased levels of CHIT1 activities in the serum of the patients with SSc-ILD and they are inversely correlated with lung function and overall survival (Lee et al., 2012; Lee et al., 2019). Immunohistochemistry (IHC) analysis localized macrophages as the major cells expressing CHIT1. Modestly increased expression of CHIT1 was also noted in epithelial cells and other interstitial parenchymal cells in the lungs of IPF patients. Interestingly, single cell RNASeq transcriptome analysis on multiple cohorts of IPF patients identified subset of macrophages that highly express CHIT1 and that distinctly overlaps with macrophage populations from the patients with IPF but not with normal controls or COPD patients (Figure 1). These studies suggest a significant implication of CHIT1 in the pathogenesis of pulmonary fibrosis as a factor of macrophage differentiation.
[image: Figure 1]FIGURE 1 | UMAP (uniform manifold approximation and projection) clustering of lung macrophages in patients with IPF evaluated by single cell RNAseq analysis. Highly CHIT1 expressing macrophages (green, left) are overlapping with macrophage subset of patients with IPF (dark brown, upper right) but not with control or COPD patients (blue or bright brown, right upper). It is also notable that most of these CHIT1 expressing macrophages are significantly overlapping with IPF expanded macrophages (IPFeMϕ) (Blue, right lower), the distinct subset of profibrotic macrophages noted in IPF patients. Publicly available RNAseq data (http://www.ipfcellatlas.com/; Single cell RNA-seq, 2021, Ivan Rosas group) was re-plotted for CHIT1 expressing macrophages.
CHIT1 in Profibrotic Macrophage Differentiation
As discussed above, profibrotic macrophage activation significantly contribute to the development of pulmonary fibrosis (Wynn and Vannella, 2016; Lee et al., 2018). Since the macrophages are the major cells expressing CHIT1 in IPF lungs, it is reasonable to assume that CHIT1 could plays an important role in profibrotic macrophage differentiation. In support of this notion, in vitro macrophages differentiation studies using alveolar macrophages isolated from wild type and CHIT1 null mutant mice, demonstrated that CHIT1 plays a critical role in recombinant (r) IL-4 or rTGF-β stimulated fibrotic macrophage activation (profibrotic macrophages activation) with characteristic expression of cell surface markers of CD206, CD204 CD163, Col1a1, Col3a1. On the other hand, rIFN-γ stimulated iNOS expression was not altered with null mutation of CHIT1. These studies strongly support a notion that CHIT1 contributes to the development of profibrotic, alternative macrophage activation, but not with classical activation. However, the specific mechanism(s) or pathways that CHIT1 uses to regulate macrophage activation remains to be determined.
CHIT1 in Fibroblasts Proliferation and Myofibroblast Transformation
Fibroblasts are the major effector cells responsible for fibrotic tissue responses in that TGF-β1 plays an essential role. In in vitro studies using normal human lung fibroblasts (NHLF), CHIT1 enhanced TGF-β1-stimulated fibroblast proliferation and myofibroblasts transformation while CHIT1 itself did not significantly alter at fibroblasts proliferation (Lee et al., 2012; Lee et al., 2019). Similarly, CHIT1 itself did not alter fibroblast differentiation into myofibroblasts as assessed by α-smooth muscle actin (α-SMA) expression but did augment the ability of TGF-β1 to enhance α-SMA accumulation (Lee et al., 2019). This result suggests that CHIT1 enhances TGF-β1-stimulated fibroblast proliferation and myofibroblast transformation.
CHIT1 in TGF-β-Stimulated Pulmonary Fibrosis and its Signaling
Studies employing WT and CHIT1 null mutant mice demonstrated that the ability of TGF-β1 to stimulate ECM proteins including fibronectin, type 1 collagen, and other ECM molecules in a CHIT1 dependent manner (Lee et al., 2012). On the other hand, the exaggerated fibrotic responses were noted in lungs from the mice in which CHIT1 and TGF-β1 were simultaneously expressed compared to the mice in which each was expressed individually (Lee et al., 2019). They demonstrated that transgenic TGF-β1 increased canonical Smad2/3 and noncanonical MAPK/Erk, and Akt activation compared to wild type control mice, and these TGF-β stimulated signaling was further enhanced in lungs of CHIT1 and TGF-β1 double transgenic mice (Lee et al., 2019). These studies suggest that CHIT1 is required and sufficient for the development of pulmonary fibrosis in that TGF-β1 plays a critical role.
CHIT1 Interacts With Tgfbrap1 and FoxO3 as a Mechanism to Enhance TGF-β Signaling
Since CHIT1 can be found in both extracellular and intracellular compartments, it is reasonable to assume specific receptors or interacting partners are mediating CHIT1 effects in the lung. On this regard, potential CHIT1 binding partners were first defined using a yeast 2 hybrid (Y2H) screening assay with a lung cDNA library (Lee et al., 2019). This approach identified transforming growth factor receptor beta associate protein 1 (Tgfbrap1) and forkhead box O3 (FoxO3) as CHIT1-interacting proteins. Tgfbrap1 has been reported to be a chaperone for Smad signaling (Wurthner et al., 2001) and FoxO3 is a transcription factor for multiple genes that play critical roles in metabolism, cellular stress response, tissue remodeling, and disease progression (Nho and Hergert, 2014; Webb et al., 2016). Recently, FoxO3 was reported as a key regulator of pulmonary fibrosis (Al-Tamari et al., 2018). The co-immunoprecipitation (Co-IP) and immunoblot (IB) assay and double immunohistochemistry (IHC) evaluations of cells transfected with CHIT1, Tgfbrap1 and FoxO3 demonstrated significant molecular interactions between CHIT1 and Tgfbrap1 or FoxO3 (Lee et al., 2019). In these evaluations, it is interesting to note that the CHIT1 negatively regulates the expression of Smad7, one of the inhibitor smads, through interaction with FoxO3, that potentially provide positive feedback loop to further enhance TGF-β signaling and effector fucntion through CHIT-Tgfbrap1 interactions.
In summary, recent studies strongly support an important role of CHIT1 in the pathogenesis of pulmonary fibrosis via modulation of TGF-β1 signaling and effector function. They also highlight that CHIT1 uses Tgfbrap1 and FoxO3 as interacting partners to regulate canonical and non-canonical TGF-β1 signaling and Smad7 expression as schematically illustrated in Figure 2. These studies provide strong supportive evidence for introducing CHIT1 inhibitor(s) as a novel therapeutic drug for pulmonary fibrosis. However, details of protein-protein interactions between CHIT1 and its interacting partners and their specific role in profibrotic macrophage and fibroblasts activation remain to be determined.
[image: Figure 2]FIGURE 2 | Suggested pathway that chitinase 1 uses to regulate TGF-β signaling. Chitinase 1 (CHIT1) binds with transforming growth factor beta receptor associated protein 1 (Tgfbrap1), enhances the canonical receptor mediated Smads2/3 signaling potentially through recruiting of Co-Smad4. CHIT1 also interacts with transcription factor forkhead box O3 (FoxO3) that reduces the nuclear FoxO3 and that results into decreased the Smad7 expression. RI, TGF-β receptor 1; RII, TGF-β receptor 2; p, phosphorylation; ECM, extracellular matrix proteins.
Role and Mechanism of CHI3L1 in the Regulation of Pulmonary Fibrosis
CHI3L1 (also referred to as YKL-40 in human and Chil1/BRP-39 in mice (Lee and Elias, 2010)), a prototype of chitinase-like proteins, binds to chitin but does not cleave it (Lee et al., 2009). The importance of CHI3L1 can be readily appreciated in the diseases characterized by inflammation and remodeling in which CHI3L1 excess has been documented (Recklies et al., 2002; Sohn et al., 2010; Areshkov et al., 2012; Dela Cruz et al., 2012). In many of these disorders, CHI3L1 is likely produced as a protective response based on its ability to simultaneously decrease epithelial cell apoptosis while stimulating fibroproliferative repair. In patients with IPF, high serum and lung levels of CHI3L1 can be detected and are associated with poor survival (Korthagen et al., 2011; Lee et al., 2011). These findings support the major role of CHI3L1 in fibroproliferative responses including pulmonary fibrosis. However, the roles of CHI3L1 in these diseases have not been fully elucidated because the biologic functions of CHI3L1 and the mechanisms by which they are mediated have only recently begun to be studied.
CHI3L1 Expression in Human Lung Fibrosis
CHI3L1 is implicated as a serum biomarker in diseases with fibrosis, inflammation, and tissue remodeling. In IPF, serum and BALF CHI3L1 levels are significantly higher in IPF patients than in controls, and increased CHI3L1 expression was observed in alveolar macrophages and bronchiolar epithelial cells adjacent to fibrotic lesions (Furuhashi et al., 2010). Importantly, the circulatory levels of CHI3L1 are inversely correlated with prognosis of the patients. Recent epidemiologic studies including 85 patients with IPF, and 126 controls demonstrated that high serum and BALF CHI3L1 levels are associated with poor survival: IPF patients with high serum or high BALF CHI3L1 levels had significantly shorter survival than those with low CHI3L1 levels in serum or BALF (Korthagen et al., 2011). Notably, in patients with both low serum and low BALF CHI3L1 levels, no IPF related mortality was observed, suggesting that serum CHI3L1 could be a useful prognostic marker (Korthagen et al., 2011). Consistent with these reports, a significant increase in both quantities and percentages of CHI3L1-expresssing macrophages and epithelial cells in IPF lungs. In addition, in a cohort of 64 IPF patients and 42 age-matched controls, CHI3L1 levels were elevated in patients with IPF, and high levels of CHI3L1 are associated with severe disease progression as defined by lung transplantation or death (Zhou et al., 2014). Since then, numerus studies have showed that the serum CHI3L1 levels are increased in patients with other types of ILD, including connective tissue-related ILD (Hozumi et al., 2017; Furukawa et al., 2019; Jiang et al., 2019), sarcoidosis (Johansen et al., 2005; Kruit et al., 2007), cryptogenic tissue pneumonia (Korthagen et al., 2014; Long et al., 2017), asbestosis-ILD (Väänänen et al., 2017), and idiopathic nonspecific interstitial (Korthagen et al., 2014; Long et al., 2017).
CHI3L1 and its Receptors
Because CHI3L1 lacks enzymatic activity, recent studies were undertaken to identify if CHI3L1 mediates its effector functions through novel cell surface receptors. Yeast Two Hybrid (Y2H) screening and other binding and cellular approaches demonstrate that CHI3L1 binds to, signals and confers tissue responses via at least two receptor complexes: IL-13Rα2 (and its beta subunit transmembrane protein 219 (TMEM 219)) and CRTH2 (Chemoattractant Receptor-homologous molecule expressed on Th2 cells) (He et al., 2013; Zhou et al., 2015). These studies further revealed that IL-13Rα2/TMEM219 is expressed on lung epithelial cells and mediates CHI3L1’s protective effects against cell death. On the other hand, CHI3L1 interacts with CRTH2 and promotes fibrosis via a mechanism that involves fibroblast proliferation and matrix deposition.
CRTH2 is a G-protein coupled receptor that binds with Prostaglandin D2 (PGD2). The interactions between CHI3L1 and CRTH2 have been further verified with co-Immunoprecipitation and immunoblot assay and co-localization immunohistochemistry (IHC) (Zhou et al., 2015). CRTH2 played an important role in augmenting CHI3L1-medaited fibroproliferative responses because collagen accumulation and extracellular gene expression were significantly reduced in the mice lacking CRTH2 or in mice treated with a CRTH2 inhibitor (Cay10471) (Zhou et al., 2015). Consistent with these findings, a recent study indicated that CRTH2 contributed to the development of fibrosis in kidney (Ito et al., 2012).
Gal-3 is a β-galactoside–binding lectin with pro-fibrotic effects (Young et al., 2006; Cullinane et al., 2014; Li et al., 2014). Further studies demonstrate that Gal-3 interferes with CHI3L1 signaling by competing for IL-13Rα2 binding. As a result, Gal-3 diminishes the anti-apoptotic effects of CHI3L1 in epithelial cells while increasing macrophage Wnt/ß-catenin signaling (Zhou et al., 2018). Therefore, Gal-3 contributes to the exaggerated injury and fibroproliferative repair response by altering the anti-apoptotic and fibroproliferative effects of CHI3L1 and its receptors.
Geng et al. demonstrated that CHI3L1 physically interacts with CD44, a cell-surface transmembrane glycoprotein involved in cell growth, survival, and differentiation. They elegantly showed that the interaction between CHI3L1 and CD44 activated the Erk and Akt pathways, along with phosphorylation of β-catenin (Geng et al., 2018). Other potential CHI3L1 receptors/binding partners include heparin and heparin-like molecules (Ngernyuang et al., 2018), and hyaluronic acid (Nishikawa and Millis, 2003; Zheng et al., 2005). However, the specific roles of CD44, heparin-like molecules, and hyaluronic acid and their interactions with CHI3L1 in the pathogenesis of pulmonary fibrosis remain to be determined.
CHI3L1 and cells Implicated in the Pathogenesis of Pulmonary Fibrosis
Abundant data indicate that profibrotic macrophages (traditionally called as M2 alternatively activated macrophages) play an important role in the development of lung fibrosis. Macrophages remain as a major cellular source of CHI3L1 production in IPF lungs (Furuhashi et al., 2010; Zhou et al., 2014). Murine bleomycin lung fibrosis model showed a predominant shift toward alternative macrophage activation in CHI3L1 overexpressing Tg mice, and eradication of these profibrotic macrophages is sufficient to reduce tissue fibrosis (Zhou et al., 2014). Consistently, CD206+ alternatively activated, profibrotic macrophages are increased in the IPF lung, and circulating monocytes of IPF patients exhibit increased expression of alternative activation marker CD206 (Zhou et al., 2014).
The role of CHI3L1 on fibroblast proliferation/differentiation was explored using a three-dimensional cell culture model (Zhou et al., 2014). These studies demonstrated that, in contrast to unstimulated cells, fibroblasts grown in the presence of recombinant CHI3L1 showed increased cell density, and increased proliferation. Additionally, the addition of CHI3L1 was sufficient to modestly induce α-SMA detection in MRC5 cells cultured in this model, and a contractile fibroblast phenotype was observed as shown by the shrinking and rupture of the matrix slices (Zhou et al., 2014). It was reported that the CD44, a putative receptor for CHI3L1 (Cohen et al., 2017), mediates invasive fibroblasts phenotypes leading to severe lung fibrosis (Li et al., 2011). Recent studies reported that CHI3L1 induces the expression of PD-L1 in various lung cells (Ma et al., 2021) and the increased expression of PD-L1 is a major characteristic of transformed and invasive fibroblasts (Geng et al., 2019). These findings show that CHI3L1 directly regulates fibroblast proliferation, and to a smaller extent, myofibroblast transformation with invasive nature, thereby demonstrating a role for CHI3L1 in the regulation of all three phases of the fibroblast-mediated fibrotic responses.
The role of Gal-3 and its interactions with CHI3L1 and/or its receptor components in fibroproliferative repair response was explored in macrophages and fibroblasts. These studies demonstrate that Gal-3 is up-regulated in murine models of pulmonary fibrosis. Interestingly, these studies demonstrated spatial differences in its cellular and tissue effects: Extracellular Gal-3 drives epithelial apoptosis when in the extracellular space while intracellular accumulation of Gal3 in fibroblasts and macrophages stimulates fibroblast proliferation, myofibroblast differentiation and profibrotic macrophage differentiation (Zhou et al., 2018).
CHI3L1 and its Receptors in Hermansky-Pudlak Syndrome-Associated Lung Fibrosis
Hermansky-Pudlack Syndrome (HPS) is a rare, genetic, multisystem disorder characterized by oculocutaneous albinism (OCA), bleeding diathesis, immunodeficiency, granulomatous colitis, and pulmonary fibrosis (Gahl and Huizing, 2012). Ten genetic subtypes (HPS1-10) have been described with each mutation affecting the function of lysosome-related organelles (LROs) (Schinella et al., 1980; Anderson et al., 2003). The dysfunction of melanosomes accounts for the oculocutaneous albinism and visual impairment found in all HPS patients ((Gahl et al., 1998)). The dysfunction of platelet dense granules accounts for the bleeding disorder that is often the presenting complaint of the disease ((Hermansky and Pudlak, 1959; Gahl et al., 1998)). Ceroid deposition also occurs in multiple organs, and inflammatory bowel disease has been reported in various subtypes of HPS (Schinella et al., 1980; Mahadeo et al., 1991; Parker et al., 1997; Tsilou et al., 2004). Pulmonary Fibrosis has been appreciated in HPS-1 and HPS-4 patients, whose genetic defects are in biogenesis of lysosome-related organelle complex 3 (BLOC-3), which includes HPS1 and HPS4 proteins, and, less commonly, HPS-2 patients (Brantly et al., 2000; Anderson et al., 2003; Chiang et al., 2003; Li et al., 2004; Carmona-Rivera et al., 2013). Due to the untreatable and progressive nature of the pulmonary fibrosis of HPS, this complication is the leading cause of death (Pierson et al., 2006). However, there is no way to predict in which HPS-1 or HPS-4 patients are at risk for lung disease, or which patients will progress most rapidly. In addition, although it is known that murine genetic models of HPS-1 manifest exaggerated injury and fibroproliferative repair responses to fibrogenic agents like bleomycin (Young et al., 2007), the mechanism(s) by which LRO-related defects in trafficking lead to injury and fibrosis have not been adequately defined.
Zhou et al. found that in HPS, levels of CHI3L1 are higher in patients with HPS-PF in comparison with patients without pulmonary fibrosis, where higher levels are associated with greater disease severity (Zhou et al., 2015). In murine models, the animals with BLOC-3 mutation have a defect in the ability of CHI3L1 to restrain epithelial cell death, yet CHI3L1 exhibits exaggerated fibroproliferative effects, promoting fibrosis by inducing alternative macrophage activation and fibroblast proliferation (Zhou et al., 2015). The two distinctive features of CHI3L1 are mediated by trafficking of two CHI3LI receptors, IL-13Rα2 and CRTH2. The increase of apoptosis results from the abnormal localization of IL-13Rα2, which is caused by the dysfunction of BLOC-3. Fibrotic effects were caused by interactions between CHI3L1 and CRTH2 receptors which traffic normally (Zhou et al., 2015). These studies suggest that CHI3L1 and its receptors are dysregulated and play critical roles in the generation and progression of lung fibrosis associated with HPS. In addition, these responses are largely mediated by CRTH2, which may serve as a therapeutic target. Multiple clinical trials were designed to assess the effects of CRTH2 antagonism on asthma control. Future studies will be required to explore the possibility of repurposing these small molecular CRTH2 antagonists for HPS-PF treatment.
Strong evidence has indicated a critical role of Gal-3 in the development of HPS-PF. In samples from HPS-1 patients, AT2 cells, alveolar macrophages, and fibroblasts have high levels of Gal-3 expression and intracellular accumulation. It is speculated that the accumulation of Gal-3 in the cells of HPS individuals can be explained by the abnormal trafficking in the endosomal recycling compartment, which can contribute to fibrogenesis in HPS-PF (Cullinane et al., 2014). Consistently, murine studies have found that Gal-3 has increased levels in the extracellular space, traffics abnormally, and accumulates in lung fibroblasts and macrophages. Extracellular Gal-3 stimulates epithelial apoptosis and intracellular Gal-3 enhances fibroblast survival and proliferation as well as myofibroblast and macrophage differentiation. It can be speculated that Gal-3-based therapies may very well act in an additive or synergistic manner with interventions that augment membrane expression of IL-13Rα2 or block CRTH2. Additional investigations will be required to assess the utility of each of these approaches.
CHIT1/CHI3L1 in Collagen Stability and Bioactivity
As discussed above, ChIT1 and CHI3L1 distinctly contribute to pulmonary fibrosis using unique receptors or interacting molecules and signaling pathways. However, CHIT1 and CHI3L1 also have similar regulatory functions in the development of profibrotic macrophage activation, fibroblasts proliferation and myofibroblasts differentiation, the major hallmarks of pulmonary fibrosis. These studies suggest a possibility that CHIT1 and CHI3L1 can share specific biologic function that are independent of their receptors or interacting partners. Both CHIT1 and CHI3L1, as members of 18 Glycosyl hydrolase family, contain carbohydrate binding domain or motif (CBD or CBM) that has a binding ability with various forms of carbohydrates including chitin, hyaluronan and collagens (Crasson et al., 2017). Studies also suggest that the CBD is a critical region determining the biologic activity of CHIT1 and CHI3L1 (Chen et al., 2011; Crasson et al., 2017). However, the details of physical binding between CHIT1 or CHI3L1 with collagens through CBD and its effect on the profibrotic macrophage activation or myofibroblast transformation remain to be determined.
CHIT1/CHI3L1 as Modifiers of TGF-β Expression and its Signaling
As discussed earlier, TGF-β is a potent profibrotic cytokine that mediates pulmonary fibrosis especially associated with profibrotic activity of CHIT1. It is interesting to note that CHI3L1 was also reported to increase the expression of TGF-β and its signaling in the lung (He et al., 2013). This means that both CHIT1 and CHI3L1 could modulate the effector function of TGF-β possibly through synergistic fashion where these moieties are co-expressed. However, the interactions between these two in the pathogenesis of pulmonary fibrosis has not been determined. Since other genes, such as Wilms’ tumor 1 (WT-1) or transforming growth factor alpha (TGF-α), also significantly regulate the expression and or signaling of TGF-β directly or indirectly, indued fibrotic tissue responses especailly in distal areas of lung (Madala et al., 2014; Sontake et al., 2018). If this is the case, whether and how the CHIT1/CHI3L1 axis is implicated in the development both parenchymal and subpleural fibrosis by activating TGF-β signaling would be an interesting question to be determined.
CHIT1/CHI3L1 in Heterocellular Crosstalk in Progressive Pulmonary Fibrosis
As discussed before, IPF is a disease characterized by the excessive accumulation of extracellular matrix (ECM) in the lung parenchyma with an unchecked, vicious cycle of repeated injury and abnormal repair responses. Thus, it is reasonable to speculate that there could be a temporal association between the emergence of profibrotic macrophages and invasive fibroblasts during the progression of pulmonary fibrosis and a potential positive feedback loop to generate a pathologic progressive fibrosis. If this is the case, the heterocellular crosstalk between “profibrotic macrophages” and “invasive fibroblasts” could be the major component of the profibrotic microenvironment responsible for progressive pulmonary fibrosis. In addition, the PD-1/PD-L1 axis is another fibrosis regulatory mechanism that consists of a positive feedback loop between PD-L1+ invasive fibroblasts and PD-1+CD4+ T cells and contributes to progressive fibrosis through enhanced expression of TGF-β and IL-17 (Celada et al., 2018). Since CHIT1 and CHI3L1 play an essential role in these processes, targeting CHIT1 or CHI3L1 or both would be an effective therapeutic strategy that potentially blocks or reverses ongoing fibrosis as schematically illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic illustration of hypothetical pathway leading to the development of profibrotic macrophages and invasive fibroblasts in the pathogenesis of pulmonary fibrosis (PF). Although multiple cells and mediators are involved in this process, implication of CHIT1/CHI3L1 and PD-1/PD-L1 axis are highlighted as major players in the development of profibrotic macrophages and invasive fibroblasts/myofibroblasts leading to progressive and severe pulmonary fibrosis through suggested heterocellular interactions. As indicated, fibrotic macrophages are recruited from the circulatory monocytes potentially through CCL2, CHIT1 or CHI3L1 then develops to alternatively activated profibrotic macrophages that highly expressing CHIT1, CHI3L1 and TGF-β. These mediators synergistically interact to transform resting fibroblasts to myofibroblasts with invasive nature through CD44. PD-L1 expressing invasive fibroblasts interact with PD-1 (+) T cells that further induce the profibrotic mediators including TGF-β and IL-17, that resulted into fibrotic tissue response with excessive extracellular matrix (ECM) accumulation. Th2 cytokines (IL-4, IL-13, IL-10, and IL-9) and proinflammatory cytokines (IL-1β, TNF-α, and IL-17) from TH2 cells and neutrophils can also contribute to profibrotic macrophage activation and subsequent fibroblasts proliferation and activation leading to pulmonary fibrosis (The image is created with BioRender.com).
SUMMARY
Recently, increasing number of studies are demonstrating that chitinase and chitinase like proteins (C/CLPs) represented by CHIT1 and CHI3L1 are significantly implicated in the pathogenesis of various human diseases including pulmonary fibrosis. However, the C/CLPs biology underlying specific pathologic process of the diseases has not been fully understood. A substantial body of literatures are strongly support that both CHIT1 and CHI3L1 contribute to the development and progression of pulmonary fibrosis through regulation of profibrotic macrophage activation and/or invasive myofibroblast differentiation. However, no data are currently available to support whether CHIT1 and CHI3L1 regulation of fibroproliferative cellular and tissue responses occurs in an independent manner or dependently each other. Since CHI3L1 does not have enzyme activity while retaining binding capacity with same substrates that CHIT1 uses, we speculate that CBD, not catalytic domain, is likely to function as a major domain responsible for profibrotic activities. Thus, development of antifibrotic therapeutics against CBD would be a reasonable strategy to block bioactivities of CHIT1 and CHI3L1. In addition, further mechanistic understanding on the putative receptors and interacting partners of CHIT1 and CHI3L1 in profibrotic macrophage activation and invasive fibroblast differentiation and their heterocellular interactions will be crucial for the development of effective therapeutics targeting CHIT1 and CHI3L1 for the patients with progressive pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF) is a progressive, fatal, and chronic lung disease, lacking a validated and effective therapy. Blueberry has demonstrated multiple pharmacological activities including anti-inflammatory, antioxidant, and anticancer. Therefore, the objective of this study was to investigate whether blueberry juice (BBJ) could ameliorate IPF. Experiments in vitro revealed that BBJ could significantly reduce the expressions of TGF-β1 modulated fibrotic protein, which were involved in the cascade of fibrosis in NIH/3T3 cells and human pulmonary fibroblasts. In addition, for rat primary lung fibroblasts (RPLFs), BBJ promoted the cell apoptosis along with reducing the expressions of α-SMA, vimentin, and collagen I, while increasing the E-cadherin level. Furthermore, BBJ could reverse epithelial–mesenchymal transition (EMT) phenotypic changes and inhibit cell migration, along with inducing the upregulation of E-cadherin in A549 cells. Compared with the vehicle group, BBJ treatment alleviated fibrotic pathological changes and collagen deposition in both bleomycin-induced prevention and treatment pulmonary fibrosis models. In fibrotic lung tissues, BBJ remarkably suppressed the expressions of collagen I, α-SMA, and vimentin and improved E-cadherin, which may be related to its inhibition of the TGF-β1/Smad pathway and anti-inflammation efficacy. Taken together, these findings comprehensively proved that BBJ could effectively prevent and attenuate idiopathic pulmonary fibrosis via suppressing EMT and the TGF-β1/Smad signaling pathway.
Keywords: blueberry juice, idiopathic pulmonary fibrosis, TGF-β1/Smad signaling pathway, epithelial–mesenchymal transition, reactive oxygen species
1 INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is recognized widely as a fatal, chronic, and irreversible devastating interstitial lung disease. And it is characterized by the destruction of the lung parenchyma and fibrotic remodeling of the lung tissue (Wynn, 2007). There are over 150,000 patients in the United States, approximately 5,000 new cases in the United Kingdom, and more than five million people in the world who are suffering from IPF annually (Beers and Morrisey, 2011; Navaratnam et al., 2011; Thannickal et al., 2014). Several studies have uncovered the risk factors, such as aging, cigarette smoking, environmental exposures, and virus infections (Baumgartner et al., 1997; Hubbard, 2001; Taskar and Coultas, 2006; Raghu et al., 2011). The accurate prevalence of IPF in China is still unclear. However, considering these ubiquitous risk factors, there should be more cases than we expected. It is no doubt that IPF is slowly becoming a stumbling block to keeping people healthy worldwide. IPF is associated with poor prognosis, cough, dyspnea, and diminished quality of life. Drug intervention, symptom-oriented therapies, and pulmonary transplantation are the three well-accepted clinical treatments of IPF (Raghu and Richeldi, 2017; Richeldi et al., 2017).
During the pathogenesis of IPF, alveolar epithelial cells undergo repetitive microinjuries. This damage generates the secretions of coagulants, cytokines, and fibrogenic growth factors such as transforming growth factor-beta 1 (TGF-β1) (Horowitz and Thannickal, 2006). TGF-β1 could induce differentiation of fibroblasts, myofibroblast recruitment, mesenchymal cell proliferation, and epithelial–mesenchymal transition (EMT) (Rock et al., 2011; Hung et al., 2013). The myofibroblast abnormal deposit leads to the excess synthesis of extracellular matrix (ECM) proteins such as collagen I in the lung tissue, which in turn promotes the differentiation of fibroblast to myofibroblast (Parker et al., 2014). In the signaling pathway that regulates IPF, the Smad protein family is a downstream molecule in the TGF-β1 signaling pathway. TGF-β1 promotes Smad2/3 to bind to Smad4, and then the Smad complexes are transmitted into the nucleus and regulate the expressions of target proteins related to ECM, EMT, and profibrotic mediators finally (Hu et al., 2018). Therefore, given the effects of the TGF-β1/Smad signaling pathway on collagen synthesis and EMT, blocking this pathway has become a vital therapeutic strategy in the IPF treatment.
The past 30 years have seen a proliferation of studies showing that blueberry has the best health benefits, such as anti-inflammation, reduction in oxidative stress, prevention of cardiovascular diseases, and anticancer. Bioactive components in blueberries include various kinds of anthocyanins (anthocyanidins, or phenolic aglycone, conjugated with sugar), tannins, chlorogenic acid, citric acid, arbutin, myricetin and its glycoside, flavonoids, pterostilbene, resveratrol, and so on (Chen et al., 2010; Yang and Jiang, 2010). Mounting evidences suggested that these phytochemicals, either individually or synergistically, contribute to the health promotion activity of blueberry (Skrovankova et al., 2015). Recently, a few studies have focused on the anti-fibrosis activity of blueberry. In these studies, rats were administrated orally with blueberry juice (BBJ), and it was discovered that BBJ could alleviate hepatic fibrosis or injury through reducing the expressions of NF-κB p65 and TGF-β1 (Lu et al., 2012; Wang et al., 2013; Zhan et al., 2017; Zhang B. F. et al., 2018). However, the therapeutic use of BBJ and its role in IPF have not been investigated yet. Therefore, this study is designed to evaluate the anti-fibrotic activity of BBJ using various fibroblasts in vitro and bleomycin-induced pulmonary fibrosis models in vivo to further elucidate its potential mechanism.
2 MATERIALS AND METHODS
2.1 Reagents
Bleomycin (BLM) sulfate was purchased from Chengdu Synguider Technology Co., Ltd (Chengdu, China). Nintedanib was from Chengdu Giant Pharmaceutical Technology Co., Ltd (Chengdu, China). TGF-β1 was purchased from Novoprotein (Shanghai, China). Ten micrograms of TGF-β1 was added into 100 μl sterile ddH2O and mixed well. Then 0.1 g/L TGF-β1 solution was kept at −80°C.
2.2 BBJ Extraction
Fresh blueberry fruits produced from Peru were bought in the market, weighed, washed, and wiped with absorbent papers. Then the fruits were juiced by blender (Joyoung, China) and centrifuged at 4,000 rpm for 5 min. After being filtered by 0.22 μm membrane filters, the supernatant was stored separately and protected from light at −80°C. The yield rate was about 0.24 ml/g (fresh weight), and the mass concentration of BBJ is 1.01 g/ml.
2.3 LC/MS Analysis
The ingredients of BBJ were detected by the LC/MS system (Thermo Scientific Q Exactive). In the experiment, a CAPCELL PAK-C18 column (100 mm × 2.1 mm, 2.7 μm) was used. Mobile phase A was the solution with 0.1% formic acid. Mobile phase B was acetonitrile. The gradient was as follows: 0–2 min, 5% B; 2–5 min, from 5% to 30% B; 5–7 min, from 50% to 70% B; 7–8.1 min, from 75% to 90% B; 8.1–10 min, from 95% to 5% B. The flow rate was set as 0.3 ml/min. The injection volume of the sample was 10 μl, and the column temperature was kept at 40°C. The data were analyzed by Compound Discoverer 3.3.3.12 and matched with mzVault and mzCloud databases. Results were visualized by Thermo Xcalibur Qual Browser and Origin 2018 software. Before being injected into the column, samples and mobile phases were filtered by 0.22 μm membrane filters and degassed.
2.4 Total Phenols and Flavonoid Content Determination
The total phenol content of BBJ was detected according to a previous study with some modifies (Czerwiński et al., 2004). Phenol components in 1 ml BBJ diluted in 9 ml 75% ethanol were extracted in ultrasound for 30 min. The extraction was used to determine total phenols and flavonoids. Total phenols were measured at 765 nm using a Folin reagent with chlorogenic acid as a standard. Total flavonoid content was estimated by NaNO2-Al(NO3)3-NaOH colorimetric methods, according to previous description (Bao et al., 2015). And rutin was set as standard. These measurements were conducted in triplicate. Results were expressed as μg/g of BBJ and mean ± SD.
2.5 Antioxidant Ability Test
To determine the antioxidant ability of BBJ, DPPH, Fenton reactions, and ABTS experiments were performed according to related work (Bao et al., 2015). These measurements were conducted in triplicate. The half maximal inhibitory concentration (IC50 value) was calculated by Excel.
2.5.1 DPPH Assay
For DPPH assay, 5 μl BBJ or Vitamin C was incubated with 195 μl of a 0.035 mg/ml DPPH ethanol solution for 30–40 min at room temperature. The absorbance (A1) was measured at 517 nm. The DPPH radical scavenging activity (C%) was expressed by the following formula:
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In the formula, A2 stands for the OD value of the mixture of BBJ or Vitamin C and ethanol solution; A0 is the absorbance of the mixture of ddH2O and DPPH solution.
2.5.2 Fenton Reaction
For the detection of hydroxyl free radical HO scavenging ability, 7.5 mM ferrous sulfate solution, 6 mM salicylic acid ethanol solution, 0.3% H2O2, and different concentrations of BBJ or Vitamin C were added into the tubes. Each volume of these solutions was 0.25 ml. After a water bath at 37°C for 30 min, the absorbance of the 200 μl mixed solution was tested at 520 nm (A1). The hydroxyl free radical HO scavenging ability (C%) was expressed by the formula in Section 2.5.1. In the formula, A2 stands for the OD value of the mixture of 7.5 mM ferrous sulfate solution, 6 mM salicylic acid ethanol solution, ddH2O, and different concentrations of BBJ or Vitamin C; A0 is the absorbance of the mixture of 7.5 mM ferrous sulfate solution, 6 mM salicylic acid ethanol solution, 0.3% H2O2, and ddH2O.
2.5.3 ABTS Assay
In ABTS assay, 7.4 mM ABTS solution and 2.6 mM potassium persulfate aqueous solution were mixed in equal volume and reacted for 12–16 h, avoiding exposure to light, as ABTS stock solution. The ABTS stock solution was diluted by 20 mM sodium acetate aqueous solution for work solution. Ten microliters of BBJ or Vitamin C was added into 195 μl ABTS work solution. After incubation for 5 min, avoiding exposure to light, the absorbance of mixed solution was determined at 734 nm (A1). The ABTS scavenging ability was calculated by the formula in Section 2.5.1. In the formula, A2 stands for the OD value of the mixture of 10 μl different doses of BBJ or Vitamin C and 195 μl sodium acetate solution; A0 is the absorbance of the mixture of 10 μl ddH2O and 195 μl ABTS work solution.
2.6 Rat Primary Lung Fibroblast (RPLF) Isolation and Cell Culture
RPLFs were isolated from 7- to 8-week-old specific pathogen-free (SPF) male Wister rats with lung fibrosis (permit number: 2018091812). The weight of each rat was about 300 g. After being anesthetized by intraperitoneal injection of 1 ml 10% chloral hydrate solution, the rats were injected with 4 mg/kg body weight BLM saline solution through intratracheal infusion. A week later, the rats were sacrificed. The lung tissues were removed and washed with sterilized Hank’s solution. After the fascia were cut off, the lung tissues were minced and resuspended in 10 ml 0.25% trypsin for 40 min at 37°C. The suspension was then filtered by 70 μm nylon mesh and centrifuged at 1,500 rpm for 5 min. The precipitates were resuspended with 10 ml DMEM-F12 medium and centrifuged at 500 rpm for 5 min. The supernatant was centrifuged for 5 min at 1,500 rpm. The supernatant was discarded, and the cells were precipitated and cultured in fresh DMEM-F12 medium with 1% antibiotics (penicillin and streptomycin, MP Biomedical LLC) and 10% heat-inactivated fetal bovine serum (GIBCO, NY) in a culture dish at 37°C in a 5% CO2 humidified incubator.
HPF (human pulmonary fibroblast, from ATCC) cells were cultured by DMEM with 20% FBS and 1% antibiotics. A549 (human lung carcinoma epithelial cells, from ATCC), NIH/3T3 (mouse embryo fibroblasts, from ATCC), and LO2 (human liver cells, from ATCC) were cultured by DMEM with 10% FBS and 1% antibiotics.
2.7 MTT Experiment, Apoptosis Assay, Reactive Oxygen Species (ROS), and Mitochondrial Membrane Potential (ΔΨm) Detections
Cells were seeded in 96-well plates with appropriate number. Overnight, various doses (0–100 μl/ml) of BBJ and 200 μl/ml normal saline (NS) or nintedanib (NTB) were added. After 24, 48, and 72 h, cells were incubated with MTT for 3 h, the supernatant was discarded, and 150 μl/well DMSO was added. The OD value was detected at the length of 570 nm.
Cells were seeded in six-well plates. After adhering to the plates, cells were treated with BBJ and/or TGF-β1 for 24 h. For apoptosis assay, apoptotic cells were tested by an apoptosis kit (KeyGen Biotech, Nanjing, China) and analyzed by a NovoCyte™ flow cytometer (ACEA Bioscience, Inc., CA, USA). For intracellular ROS and ΔΨm detections, DCFH-DA and Rh123 were applied as related dyes and determined using flow cytometry.
2.8 Wound-Healing Assay and Cell Morphology
A549 cells were seeded into a six-well plate. When the cells grew to about a density of 85%, cells were cultured with the DMEM without FBS for 6 h. Then, wounds were made by a sterile 100 μl pipette tip. We changed the medium into DMEM with 3% FBS, and cells were treated with 0 or 5 ng/ml TGF-β1. After 1 h, cells were treated with 0 or 50 μl/ml BBJ for 24 h, and these four wells were treated with 0 μl/ml BBJ and 0 ng/ml TGF-β1, 50 μl/ml BBJ and 0 ng/ml TGF-β1, 0 μl/ml BBJ and 5 ng/ml TGF-β1, and 50 μl/ml BBJ and 5 ng/ml TGF-β1, separately. The scratches were photographed at 0 and 24 h. The areas of scratches were analyzed by ImageJ software. Wound closure rate was expressed by the ratio of the difference between the wound area at 0 and 24–0 h. The cell morphology was observed by a microscope when A549 cells were treated with BBJ and TGF-β1 for 24 h.
2.9 Immunofluorescence Assay
A549, NIH/3T3, and HPF were seeded into 24-well plates precoated with sterile cell slides. Overnight and after starvation for 6 h, these cells were treated with BBJ and TGF-β1 as expressed in wound-healing assay for 24 h. Cells were washed with cold PBS, fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.5% Triton-100 solution for 20 min, and blocked with PBS containing 0.05% Triton-100 and 5% bovine serum albumin. Next, cells were incubated with α-SMA (1:150, Abcam, Cambridge, MA) and E-cadherin (1:200, Abcam, Cambridge, MA) for 18 h at 4°C. Then cells were washed with PBST and incubated with FITC or PE-conjugated goat anti-rabbit/mouse antibody (1:200, Alexa Fluor 488 or 647, Life Technologies, Waltham, MA) for 1.5 h at room temperature in the dark. The nuclei were stained by DAPI (Roche Molecular Biochemicals, Inc., Pleasanton, CA) for 10 min, protected from light. The fluorescence was detected by a confocal microscope (Zeiss LSM 880, Germany).
2.10 Animal Study
All animal experiments were approved and performed in compliance with the Animal Care and Use Committee of Sichuan University in China. To explore the preventive activity of BBJ, male C57BL/6 mice (6–8 weeks old) were obtained from Beijing HFK Bioscience Co., Ltd., and bred in an SPF condition. After being maintained for 1 week, each anesthetized mouse was injected with 60 μl saline that contained BLM sulfate (approximately 2 mg/kg body weight) by intratracheal instillation, while the sham group was injected with normal saline at the same volume. These mice were divided into four groups: the sham group, vehicle group, BBJ-L (5 ml/kg body weight) group, and BBJ-H (10 ml/kg body weight) group. The sham and vehicle groups were treated with normal saline at a dose of 10 ml/kg body weight. Saline and BBJ were administrated by gavage every day for 4 weeks. The mice were sacrificed at the end of the study.
As for the treatment effect of BBJ on IPF, male C57BL/6 mice (6–8 weeks old) were obtained from Beijing HFK Bioscience Co., Ltd., and bred in an SPF condition. When the weights of mice are over 20 g, mice were anesthetized and injected with 100 μl saline that contained BLM sulfate (approximately 1 mg/kg body weight) by intratracheal instillation. The sham group was injected with normal saline at the same volume. After 1 week, these four groups, sham group (10 ml saline/kg body weight), vehicle group (10 ml saline/kg body weight), BBJ group (10 ml BBJ/kg body weight), and NTB group (30 mg/kg body weight, resolved in the solvent in which the proportion of DMSO, PEG400 and saline was 0.5:3.5:6), started to be administrated every day by gavage. This treatment lasted for 3 weeks, and lung tissues from sacrificed mice were kept.
2.11 Hematoxylin and Eosin (H&E), Masson, and Immunohistochemistry (IHC) Staining
The left lung tissues, liver, heart, spleen, and kidney were kept in 4% paraformaldehyde. Next, the lung tissues were rinsed with flowing water, dehydrated, embedded with paraffin, and cut into discontinuous sections at a thickness of 3 μm. Through dewaxing and washing, these sections were stained with H&E, and lung sections were stained with Masson’s trichrome by standard protocols. For IHC assay, sections were incubated with primary antibodies (α-SMA, collagen I, p-Smad3, and p-Stat3). All pathological sections were scanned by a Pannoramic MIDI II 3DHISTECH digital pathology system, and the pictures were analyzed with the CaseViewer software. We quantified the pulmonary fibrosis according to H&E results by the method of modified Ashcroft scale (Hübner et al., 2008). Collagen volume fraction and IHC score were analyzed by ImageJ software.
2.12 IL-10 and IL-17A Contents in Serum
The detection of IL-10 and IL-17 contents in serum was followed with protocols in a Th1/Th2/Th17 CBA kit (BD Pharmingen, USA).
2.13 Hydroxyproline Content Detection
Right lung tissues were kept at −80°C. About 30 mg lung tissues were weighed and hydrolyzed by alkaline. The contents of hydroxyproline were measured by the hydroxyproline assay kit (A030-2-1, Nanjing Jiancheng Bioengineering Institute, China).
2.14 Western Blotting
Cells or lung tissues were lysed with RIPA buffer containing protease and phosphatase inhibitor cocktail (Selleck Chemicals, Houston, TX, USA). Protein concentrations were detected by the Bradford method. Western blotting was performed as before (Li et al., 2019). The primary antibodies α-SMA, collagen-I, E-cadherin, and vimentin were purchased from Abcam (Cambridge, MA); Stat3, p-Stat3, Smad2/3, and p-Smad2/3 were from Cell Signaling Technology Company; β-actin were bought from ZSJQ-BIO (Beijing, China) and were involved in western blotting.
2.15 Statistical Analysis
Results were expressed as mean ± SD. We analyzed numeric data for statistical significance using the independent-sample t-test. A p-value <0.05 was considered as significant.
3 RESULTS
3.1 Ingredients, Total Phenol, and Flavonoid Contents in BBJ and Antioxidant Ability
The yield rate of BBJ was about 24% (ml juice/100 g fresh fruit). To figure out the components of BBJ, the LC/MS system was used. After being matched with the mzVault and mzCloud database, 30 possible substances, whose suitability was both over 80 or more than 90 in one database, were displayed in Supplementary Table S1. And the total ion chromatography result in determination is shown in Supplementary Figure S1. We found carbohydrates, amino acids, liquids, vitamins, and phytochemicals including phenols in BBJ.
According to this result, we used chlorogenic acid as a standard to determine the total phenols in BBJ. As shown in Table 1, the contents of total phenols and flavonoids in BBJ were 1,219.15 and 603.89 μg/g, respectively.
TABLE 1 | The total phenols and flavonoid contents in BBJ.
[image: Table 1]According to Table 2, IC50 values of BBJ in DPPH, Fenton, and ABTS tests were 46.69, 7.24, and 4.01 g/100 ml, respectively. And to eliminate 50% of free radicals in these three assays, 17.21, 20.58, and 658.29 mg/100 ml of Vitamin C were needed, which meant that BBJ’s antioxidant ability was weaker than Vitamin C. However, plenty of water in BBJ should be taken into consideration when evaluating the antioxidant ability. Additionally, according to published research, the ABTS method is more suitable than DPPH assay to detect and evaluate the antioxidant activity of pigments and hydrophilic antioxidants in blueberries (Mishra et al., 2012; Li et al., 2017).
TABLE 2 | The antioxidant activity (IC50 values) of BBJ and Vitamin C.
[image: Table 2]3.2 BBJ-Induced Cell Death and Apoptosis in NIH/3T3 and HPF
We first investigated the antifibrotic activity of BBJ treatment on cell proliferation using NIH/3T3 and HPF. As shown in Figures 1A,D, we found that BBJ treatment significantly inhibited cell proliferation in a time- and dose-dependent manner. When intervened with 50 μl/ml BBJ for 24 h, cell viability rates were between 70% and 90% (Figures 1A,D). Additionally, compared with the vehicle group, an extra 27.68% apoptotic cells and 15.80% and 11.78% loss of ROS and ΔΨm, respectively, were induced by 50 μl/ml BBJ in NIH/3T3, as shown in Figure 1B. BBJ stimulated apoptosis in NIH/3T3 via the upregulated cleaved caspase-3 (Figure 1C). In HPF, as revealed in Figure 1E, an additional 2.80% of apoptotic rate and 8.10% of intracellular ROS loss were induced by 24 h treatment of 50 μl/ml BBJ, compared with the vehicle group. To sum up, these results suggested that the BBJ have potential antioxidant ability and can trigger cell death in NIH/3T3 and HPF in vitro.
[image: Figure 1]FIGURE 1 | BBJ induced apoptosis in NIH/3T3 and HPF. (A) NIH/3T3 was treated with BBJ or NS for 24, 48, and 72 h. The cell viability was disclosed by MTT assay. (B) Apoptotic rate, ROS, and ΔΨm of NIH/3T3 treated with BBJ for 24 h were analyzed and expressed as bar histograms. (C) Expression of cleaved caspase-3 in NIH/3T3 was detected through a western blot assay and calculated by ImageJ after incubation with BBJ for 24 h. (D) Under treatment with various doses of BBJ for 24 h, the viability of HPF was determined by MTT tests, and cell morphology was observed. (E) HPF was dealt with BBJ for 24 h, and apoptosis and ROS were analyzed by flow cytometry. *p < 0.05; **p < 0.01; ***p < 0.001 compared with the control group.
3.3 BBJ Suppressed Differentiation in NIH/3T3 and HPF Through Inhibiting TGF-β1/Smad2/3 Signaling
Numerous studies have shown that TGF-β is an important cytokine in the development of fibrosis and recruits downstream Smad2/3 proteins. To uncover the potential mechanism of BBJ’s anti-lung fibrosis in fibroblasts, TGF-β1 was applied to lead fibroblast activation. In NIH/3T3 and HPF cells, TGF-β1 induced upregulation of α-SMA, collagen-I, and vimentin. In other words, TGF-β1 caused fibroblast differentiation successfully. However, the addition of BBJ could suppress this increase, as shown in the results of western blot (Figures 2A,C). And immunofluorescence results, as exhibited in Figures 2B,D, verified that BBJ restrained the upregulation of α-SMA induced by TGF-β1. More importantly, BBJ decreased the high ratio of p-Smad2/3 to Smad2/3 expression caused by TGF-β1 in NIH/3T3 and HPF. In conclusion, these changes indicated that BBJ could inhibit lung fibrosis through the TGF-β1/Smad2/3 pathway.
[image: Figure 2]FIGURE 2 | BBJ restrained activation and differentiation of NIH/3T3 and HPF induced by TGF-β1. NIH/3T3 or HPF was planted, starved for 6 h, stimulated by 5 ng/ml TGF-β1 for 1 h, and then incubated with 50 μl/ml BBJ for an extra 24 h. (A) Expressions of α-SMA, vimentin, collagen-I, Smad2/3, p-Smad2/3, and β-actin in NIH/3T3 were presented by western blotting. (B) The expression of α-SMA in NIH/3T3 was visualized by a confocal microscope (×40). (C) Expressions of α-SMA, E-cadherin, vimentin, collagen-I, Smad2/3, p-Smad2/3, and β-actin in HPF were tested by western blotting. (D) The expression of α-SMA in HPF was visualized by a confocal microscope (×40). *p < 0.05; **p < 0.01; ***p < 0.001 versus the control group or the TGF-β1 group.
3.4 BBJ Had an Inhibitory Effect in RPLF
To further illustrate BBJ’s disincentive function in fibroblasts, RPLF cells were extracted from the pulmonary fibrosis model, which was built by BLM tracheal infusion in male rats. RPLFs were considered as active fibroblasts. The cell morphology of RPLF was observed under an inverted microscope, presenting a slender fusiform with two to four antennae (Figure 3A). When RPLFs were treated with BBJ, their cell viability dropped, as shown in Figure 3B. The IC50 value of BBJ at 24 h in RPLF was over 200 μl/ml, while that in NIH/3T3 was 95.66 μl/ml and that in HPF was 145.47 μl/ml. As shown in Figure 3C, BBJ apparently gave rise to ROS loss in RPLF. BBJ exerted the ability to degrade expressions of α-SMA, collagen-I, and vimentin as well as increase E-cadherin slightly at 50 μl/ml (Figure 3D). In summary, these outcomes in RPLF further confirmed that BBJ has antifibrotic effects in vitro.
[image: Figure 3]FIGURE 3 | The inhibitory effect of BBJ in RPLF. (A) Cell morphology of RPLF was photographed by an inverted microscope (×10). (B) RPLFs were treated with BBJ or normal saline for 24, 48, and 72 h. Cell viability was detected by MTT tests. (C) ROS in RPLF was analyzed after 24 h treatment of BBJ or NS. (D) Expressions of α-SMA, E-cadherin, vimentin, collagen-I, and β-actin in RPLF were determined by western blot assay. Protein expressions were treated statistically by ImageJ. *p < 0.05; **p < 0.01; ***p < 0.001 versus the control group.
3.5 BBJ Could Restrain the EMT Process in A549 Cells
EMT plays an important role in many respiratory diseases, especially in fibrosis. To make explicit the antifibrotic ability of BBJ, A549 cells were used as a model of EMT. Firstly, MTT assay was utilized to determine the cytotoxicity of BBJ. The IC50 value at 24 h was 107.63 μl/ml (Figure 4A). At a dosage of 50 μl/ml, A549 cell viability was around 90%. Moreover, 50 μl/ml of BBJ had just induced 15.20% more ROS loss than the vehicle group (Figure 4B). Hence, in the following tests, A549 cells were treated with 50 μl/ml of BBJ. TGF-β1 induced EMT in A549, including changes of cell morphology, enhanced cell migration, and altered related proteins’ expressions. Firstly, we observed the significant increased proportion of elongated cells induced by TGF-β1, which was reversed by BBJ (Figure 4C and Supplementary Figure S2). As shown in Figure 4D, 24 h treatment of 50 μl/ml BBJ could inhibit A549 cell migration stimulated by 5 ng/ml of TGF-β1 apparently. In the meantime, western blotting and immunofluorescence assays were utilized to elucidate mechanisms by which BBJ restrained the EMT process in A549. α-SMA, E-cadherin, and vimentin were involved in the EMT process. TGF-β1 could induce upregulation of α-SMA, p-Smad2/3, and vimentin as well as downregulation of E-cadherin. BBJ reversed these changes significantly, which is expressed in Figures 4E,F.
[image: Figure 4]FIGURE 4 | BBJ could reverse EMT progress in A549. (A) The cytotoxicity of BBJ on A549 was determined by an MTT test. A549 cells were treated with different doses of BBJ and 200 μl/ml normal saline for 24, 48, and 72 h. Data were presented as mean ± SD from three experiments. (B) ROS of A549 treated with BBJ for 24 h were detected by flow cytometry and counted. (C) After starvation for 6 h with serum-free medium, fresh medium with 5 ng/ml TGF-β1 was replaced. One hour later, 50 μl/ml BBJ was added. After 24 h, cell morphology of A549 was observed by a microscope (×10). (D) A549 cells were seeded in six-well plates for 24 h and starved for 6 h with serum-free medium. Then, a scratch was made by 100 μl pipette tips, and fresh medium with 5 ng/ml TGF-β1 was added. One hour later, 50 μl/ml BBJ was added. The scratches were photographed at 0 and 24 h by an inverted microscope (×10). The scratch areas were treated statistically by ImageJ. (E) After incubation with 5 ng/ml TGF-β1 for 1 h and 50 μl/ml BBJ for an extra 24 h, expressions of E-cadherin, vimentin, p-Smad2/3, Smad2/3, and β-actin in A549 were analyzed by western blotting. (F) After stimulation by TGF-β1 for 1 h and treatment with BBJ for 24 h, expressions of α-SMA and E-cadherin were visualized by a confocal fluorescence microscope (×40). *p < 0.05; **p < 0.01; ***p < 0.001 versus the control group or TGF-β1 group.
3.6 BBJ Could Suppress Formation and Development of Lung Fibrosis In Vivo
To determine the antifibrotic ability of BBJ, pulmonary fibrosis models were built through administration of BLM (2 mg/kg for prevention model and 1 mg/kg for treatment model). The sham group was injected with saline. As shown in Figure 5A, mice were intragastrically administrated with BBJ or saline every day from day 1 in the prevention model. After 4 weeks, mice were sacrificed, and lung tissues were harvested for histopathology, immunoblot, and hydroxyproline content analyses. As explicated in Figures 5B,C, H&E- and Masson-stained results were present. According to the H&E-stained lung sections in the vehicle group, there were variable alveolar septa and large contiguous fibrotic masses (about 40% of the microscopic field). Furthermore, the lung architecture was severely damaged, and part of it was not preserved. After intervention with BBJ, the damage of the lung tissue was reduced. In Masson’s trichrome results (Figure 5C), collagen fibers were dyed blue. There was no doubt that BBJ could reduce collagen fibers compared to the vehicle group, and the lung sections of the high-dose group tended to be normal. Besides, in the BBJ group, contents of hydroxyproline in the lung tissue were lower than those in the vehicle group, which was treated with saline, as shown in Figure 5D. Moreover, contents of IL-10 and IL-17A in serum, which are involved in idiopathic pulmonary fibrosis, were lower in the BBJ group than in the vehicle group, which was explicated in Supplementary Figure 3A. To explore the underlying mechanism by which BBJ prevents lung fibrosis in vivo, α-SMA and collagen-I in lung tissues were determined by IHC and western blotting. β-Actin served as a reference. In Figure 5E,F, the expressions of α-SMA, collagen-I, and vimentin were upregulated evidently in the vehicle group. In contrast with the vehicle group, the BBJ-fed group showed lower expressions of these proteins.
[image: Figure 5]FIGURE 5 | The BBJ could prevent fibrosis formation induced by BLM in mice. (A) Arrangement of animal study in the prevention model. The fibrosis model was built by tracheal injection of BLM on day 0. Next day, vehicle and BBJ-fed groups were administrated by saline and BBJ for 4 weeks, respectively. (B) Lung sections of each group were stained with H&E (×10). Modified Ashcroft scores were applied to evaluate the degree of pulmonary fibrosis. (C) Lung sections of each group were stained by Masson trichrome (×10). Collagen volume fractions were analyzed from the results of Masson-stained lung sections by ImageJ. (D) Hydroxyproline contents were tested by the hydroxyproline assay kit. (E) The expressions of collagen-I and α-SMA in lung sections were detected by IHC staining, and these proteins’ expressions were calculated by ImageJ. (F) Expressions of collagen-I, α-SMA, vimentin, and β-actin in lung tissues of each group were analyzed by western blotting. ImageJ software was used to calculate these proteins’ expressions. *p < 0.05; **p < 0.01; ***p < 0.001 compared with the vehicle group.
In the treatment model, nintedanib, which was reported to target tyrosine kinases, was used as positive control to verify the inhibitory effect of BBJ on IPF (Liu et al., 2021). Administrations of BBJ or NTB started from 7 days after building the lung fibrosis model and lasted 3 weeks, as displayed in Figure 6A. BBJ reduced the fibrotic degree and collagen fibers’ deposition in lung tissues, and the results coincided with those in the prevention model. Furthermore, the pulmonary fibrotic degree and deposition of collagen fibers were reduced in the BBJ and NTB groups, as shown in Figures 6B,C. We also discovered that the level of hydroxyproline, one of the main amino acids that make up collagen fibers, was decreased in the BBJ and NTB groups (Figure 6D). Similar with the prevention model, BBJ could reduce the contents of IL-10 and IL-17A in serum. Only IL-10 levels dropped in the NTB group, as explicated in Supplementary Figure 3B. The IHC and western blot results revealed that BLM increased the expressions of α-SMA, collagen-I, vimentin, p-Smad2/3, and p-Stat3 and reduced E-cadherin. Both BBJ and NTB treatment reversed these changes induced by BLM in mice (Figures 6E,F). Therefore, in summary, animal studies proved that BBJ could prevent and restrain pulmonary fibrosis in vivo.
[image: Figure 6]FIGURE 6 | BBJ could alleviate pulmonary fibrosis caused by BLM. (A) Arrangement of animal study in the treatment model. The fibrosis model was built by tracheal injection of BLM on day 0. On day 7, vehicle, BBJ-fed, and NTB-fed groups were administrated with saline, BBJ, and NTB for 3 weeks, respectively. (B) Lung sections of each group were stained with H&E (×10). Modified Ashcroft scores were applied to evaluate the degree of pulmonary fibrosis. (C) Lung sections of each group were stained with Masson trichrome (×10). Collagen volume fractions were analyzed from the results of Masson-stained lung sections by ImageJ. (D) Hydroxyproline contents were tested by the hydroxyproline assay kit. (E) The expressions of collagen-I, α-SMA, p-Stat3, and p-Smad3 in lung sections were detected by IHC staining, and these proteins’ expressions were calculated by ImageJ. (F) Expressions of α-SMA, E-cadherin, vimentin, collagen-I, Smad2/3, p-Smad2/3, Stat3, p-Stat3, and β-actin in lung tissues of each group were analyzed by western blotting. ImageJ software was used to calculate these proteins’ expressions. *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the vehicle group.
4 DISCUSSION
IPF is considered as a progressive respiratory disorder, ultimately causing death within about 3 years after diagnosis (Tzilas et al., 2017). There are only two drugs, nintedanib and pirfenidone, that received regulatory approval from FDA to treat IPF (Karimi-Shah and Chowdhury, 2015). However, the 5-year survival rate still remains less than 50% (Huang et al., 2015). Blueberry is well known as a significant source of nutrition, containing vitamins, fibers, and other phytochemicals with pharmaceutical interest (Miller et al., 2019). The blueberry used in the present study was from Peru, where blueberry production is dominant. Blueberries are rich in anthocyanins, polyphenols, and flavonoids. We detected 30 potential chemicals in BBJ by the method of LC/MS, which is consistent with previous studies (Chen et al., 2010; Yang and Jiang, 2010). Importantly, trehalose, quercetin, rutin, ferulic acid, abscisic acid, and trolox were reported to relieve fibrosis by inhibiting TGF-β (Galicia-Moreno et al., 2008; Bruzzone et al., 2012; Pan et al., 2014; Mu et al., 2018; Liu et al., 2019; Miyake et al., 2020). These phytochemicals were all found in BBJ and may have contributed to the anti-lung fibrosis function of BBJ. Lyophilized BBJ is reported to scavenge superoxide radicals with an IC50 value of 7 μg/ml and DPPH radicals with an IC50 value of 99 μg/ml (Cásedas et al., 2017). The many biochemicals, especially phenols, may contribute to the antioxidant property of BBJ. In the present study, we found that BBJ reduced ROS production in NIH/3T3, HPF, RPLF, and A549, which proved the antioxidant activity of BBJ. ROS is one of the indicators of the intracellular homeostasis. Accumulation of intracellular ROS could lead to cell death through ferroptosis and the mitochondrial-mediated apoptosis pathway (Li et al., 2016a; Li et al., 2020). Of note, cell death caused by phytochemicals and plant extracts is often accompanied by ROS reduction (Li et al., 2016b; Li et al., 2019). One explanation was that a decreased ROS level may induce changes in cell-cycle regulatory proteins (Qin et al., 2011). Regardless of ROS accumulation increase or decrease, the balance would be destroyed and lead to changes of cellular state, including cell death. Interestingly, there is a growing body of literature that recognizes the health benefits of blueberry, especially antifibrosis activity in rats (Chen et al., 2010; Zhan et al., 2017). Researchers manifested that BBJ could alleviate CCl4-induced hepatic fibrosis significantly, which was associated with reducing collagen content and α-SMA expression as well as enhancing the antioxidant capability of the liver (Wang et al., 2013). The above evidence suggested that BBJ possesses a potential antifibrosis function.
In IPF, the TGF-β1/Smad signaling pathway is the major mediator. TGF-β1-stimulated phosphorylated Smad2/3 translocates into the nucleus, regulates target gene expressions, and further participates in EMT, fibroblast proliferation, and myofibroblast differentiation, which promotes the pathogenesis of IPF (Lee et al., 2014; Shen et al., 2021). EMT, collagen deposition, and remodeling of the pulmonary interstitium are the dominant features in the pathological changes of IPF (Richeldi et al., 2017; Zhihui Zhang et al., 2018). When alveolar epithelial cells (ACEs) were attacked continuously, inflammatory repair would induce overdeposition of the extracellular matrix, which results in an abnormal lung architecture. In the EMT process, the secretion of TGF-β1 activates this pathology, which also accelerates lung fibrosis. Recently, A549 cells have served as a model of Type II-like ACEs to explore the mechanism of EMT (Foster et al., 1998; Zhang et al., 2019). BBJ induced cell death and downregulated ROS in A549. In the process of EMT, the morphology of A549 underwent a transformation from oval to fusiform once activated by TGF-β1. Meanwhile, the epithelial markers, such as E-cadherin, were downregulated while the mesenchymal markers, including α-SMA and vimentin, were upregulated. Few mesenchymal cells establish tight connections with neighboring cells, and thus, EMT promotes cell metastasis. In the present study, BBJ was proven to inhibit the process of EMT in A549 by suppressing TGF-β1/Smad2/3 signaling.
The myofibroblast differentiation is characterized by altered expressions of α-SMA and proteins involved in ECM, cell migration, and proliferation (Rockey et al., 2015). After tissue injury, the repair process, including differentiation of fibroblasts into proliferating and contractile myofibroblasts, was initiated. When the normal repair process ends, myofibroblasts are regulated to undergo apoptosis; in pathological fibrosis, myofibroblasts accumulate abnormally in these tissues, increasing the synthesis of extracellular matrix, changing the tissue structure, and finally leading to fibrosis (Darby and Hewitson, 2007). In our study, BBJ could suppress fibroblast proliferation apparently. Fibroblast apoptosis was induced after 24 h intervention with 100 μl/ml BBJ. Furthermore, BBJ curbed differentiation and abnormal recruitment of fibroblasts caused by TGF-β1 by decreasing the upregulated p-Smad2/3 in NIH/3T3 and HPF. High expressions of α-SMA and collagen-I are the typical characteristics of myofibroblasts (Akamatsu et al., 2013). These were also found in RPLF cells, which were activated by BLM. No matter in HPF and NIH/3T3 incubated with TGF-β1 or activated RPLF, BBJ could suppress levels of α-SMA, vimentin, and collagen-I and increase levels of E-cadherin. Additionally, BBJ reversed the high expression of p-Smad2/3 caused by TGF-β1 in NIH/3T3 and HPF. Therefore, BBJ suppressed EMT and activated fibroblasts by blocking the TGF-β1/Smad2/3 signaling pathway.
Our hypothesis of an inhibitory effect of BBJ on pulmonary fibrosis was also supported by the in vivo results with BLM-induced lung fibrosis in mice. The BLM-induced lung fibrosis model is a widely used experimental model for lung fibrosis study. In the early phase (7–10 days), an acute inflammatory response is induced by BLM (Chaudhary et al., 2006). In the late phase (21–28 days), the inflammation decreases and fibrotic pathology changes occur and continue (Mouratis and Aidinis, 2011). Therefore, the mice were sacrificed on day 28 to investigate the preventive and inhibitory effects of BBJ on BLM-induced fibrosis, and the dose of BLM was from our preliminary experiments. In the research of anti-hepatic fibrosis activity, rats were gavage-fed daily with BBJ at a dose of 15 g/kg, and hence, we took 5 and 10 ml/kg as the dosages of BBJ to treat the lung fibrotic mice in the prevention model (Wang et al., 2013). And a higher dosage of BBJ was applied in the treatment model. Twenty-eight days after intratracheal injection of BLM, thickening of the lung interstitium, destruction of the alveolar structure, and collagen deposition happened in the lungs. However, continuous daily gavage of BBJ reversed these pathological changes in the dose of 10 ml/kg, whether in the prevention or treatment model. The involved mechanism was similar with altered protein expressions in cells, with remarkable decreased expressions of α-SMA, vimentin, collagen-I, and p-Smad3 and/or p-Smad2/3 as well as upregulated E-cadherin. Besides, collagen deposition was estimated by Masson staining and measuring of hydroxyproline content which decreased in the BBJ group.
Stat3 is a signaling molecule of signal transducers and activators of the transcription family. Our previous studies have elucidated that phytochemicals could suppress tumorigenesis and metastasis by blocking the Stat3 pathway (Li et al., 2019; Zhang et al., 2020). Recently, it is of great interest to manifest the role of Stat3 in fibrosis since abundant activation of Stat3 was confirmed in fibrotic pulmonary IPF patients (O'Donoghue et al., 2012). Also, Stat3 is identified as a positive regular of EMT, the mechanism of which activated Stat3 promotes Smad3 nucleus localization and further accelerates EMT (Junk et al., 2017). Hence, we detected Stat3 expression in the treatment mice model. BBJ and NTB downregulated p-Stat3 expression in fibrotic lung tissue induced by BLM. These results were consistent with previous research that Stat3 was involved in IPF. However, the underlying mechanism needs further study to be elucidated.
Collectively, our present work first revealed that BBJ could prevent and ameliorate IPF by modulating TGF-β1/Smad2/3 signaling. This important discovery not only provides support of dietary guidance for patients with pulmonary fibrosis but also proposes the possibility of juice rich in antioxidants as an accepted therapy for diseases. However, there are still some limitations in the study. One of the limitations in our research is that it is unknown how the ingredients of BBJ exerted antifibrosis activity collectively. Notably, the anti-lung fibrosis activity of BBJ based on evidence from epidemiological and clinical studies is an urgent need to address.
5 CONCLUSION
Here, we firstly illustrated the effects of BBJ on pulmonary fibrosis in vitro and in vivo, as expressed in Figure 7. When incubated with TGF-β1-stimulated cells, including mouse embryo fibroblasts NIH/3T3, human pulmonary fibroblasts HPF, and alveolar epithelial A549, BBJ could accelerate the expression of epithelial mark E-cadherin and repress expressions of the mesenchymal markers α-SMA and vimentin, hindering the process of EMT. Likewise, the same changes were found in RPLF. Furthermore, BBJ exerted its anti-lung fibrosis effect by preventing cell migration and TGF-β1/Smad2/3 pathway activation. In BLM-induced pulmonary fibrosis mice, BBJ ameliorated the distortion of normal architecture by reducing collagen deposition and inhibiting the TGF-β1/Smad2/3 pathway. All these results indicated comprehensively that BBJ could attenuate lung fibrosis.
[image: Figure 7]FIGURE 7 | BBJ could inhibit lung fibrosis in vivo and in vitro. Followed by a series of processing, BBJ was utilized in assays in vitro and in vivo. BBJ was proven to inhibit EMT in A549. BBJ could also suppress differentiation of fibroblasts to myofibroblasts induced by TGF-β1 proved by the changes of related proteins. In addition, in lung fibrosis, the C57BL/6 mouse model built by BLM, BBJ could prevent and ameliorate lung fibrosis by suppressing the Smad2/3 pathway and Stat3.
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Background and aim: Pro-inflammatory macrophages aggravated progress of pulmonary fibrosis (PF) both in patients and animal models. Fuzheng Huayu (FZHY) formula, a Chinese herbal product, is effective in treating pulmonary fibrosis in our previous study. But its action mechanism against PF relating to macrophage activation was unclear. This study was designed to evaluate the anti-fibrotic and anti-inflammatory roles of FZHY in pulmonary fibrosis and to elucidate the potential mechanisms.
Methods: Network pharmacology was employed to identify the interrelationships among compounds of FZHY, potential targets and putative pathways on anti-pulmonary fibrosis. According to the data of bioinformatics analysis, the key pharmacological target for FZHY against PF was screened. The network pharmacological prediction was validated by a series of experimental assays, including CCK8, western blot and immunofluorescence staining. Then molecular mechanism of FZHY on relating to the predictive target were studied in bleomycin induced pulmonary fibrosis in mice with methylprednisolone as a positive control, and in lipopolysaccharide (LPS) stimulated cultured macrophages in culture, respectively.
Results: The network pharmacology analysis reveal that a total of 12 FZHY–PF crossover proteins were filtered into a protein-protein interaction network complex and designated as the potential targets of FZHY against pulmonary fibrosis, while TNF-α signal pathway ranked at the top. FZHY and methylprednisolone could attenuate the lung fibrosis and decrease pulmonary TNF-α expression in bleomycin induced fibrotic mice, without difference between two treatments. While TNF-α was mainly originated from macrophages identified by double fluorescent staining of TNF-α and F4/80. LPS stimulated cultured macrophage polarization and activation demonstrated by the enhance contents of TNF-α and iNOS but decreased level of Arg-1. FZHY could alleviate the LPS stimulated macrophage polarization and activation demonstrated by decreasing TNF-α and iNOS and increasing Arg-1. In particular, FZHY could significantly reduce the production of p65 and the nuclear translocation of phosphorylated p65.
Conclusion: Fuzheng Huayu formula has a good effect against pulmonary fibrosis induced by bleomycin in mice, whose action mechanism was associated with down-regulation of NF-κB/TNF-α signaling pathway in pro-inflammatory macrophages. These findings provided an important strategy for developing new agents against lung fibrosis and accelerated FZHY product application on patients with lung fibrosis.
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INTRODUCTION
Pulmonary fibrosis (PF) is a chronic interstitial lung disease caused by various insults including chemical materials, smoke, microbial infection, etc (Noble et al., 2012). As a highly heterogeneous and lethal pathological process, pulmonary fibrosis is characteristic of collage deposition and architecture destruction in lung that ultimately induce organ malfunction, disruption of gas exchange, and death from respiratory failure (Wynn, 2011). There are very limited therapeutic options for PF, except lung transplantation, two antifibrotic drugs, Pirfenidone and nintedanib have been approved by FDA for PF treatment (King et al., 2014; Karimi-Shah and Chowdhury, 2015). But the therapeutic effects of these two agents were not completely satisfactory in clinic (Ahluwalia et al., 2014; Kingwell, 2014). In fact, pulmonary fibrosis has complicated processes involving multiple targets, refractory to be treated or cured with single targeted agent. Traditional Chinese Medicine (TCM) is characterized by multiple components and multiple targets, as well as rich experiences of treating chronic lung diseases. Therefore, the efforts to develop the anti-lung fibrotic agents from TCM could be a practical approach to meet the clinic emerging needs.
Fuzheng Huayu (FZHY) formula is a botanic product composed of six herbs (Table 1). The randomized controlled trial (RCT) studies in multi centers had approved that FZHY could regress liver fibrosis due to hepatitis B (Wang et al., 2018). It was approved as an herbal product for liver fibrosis treatment by China National Medical Products Administration (NMPA) since 2002, and clinic trails in US for liver fibrosis due to HCV has been carried out. The action mechanism of FZHY against liver fibrosis was integrative, involving in protection of hepatocyte inflammation, inhibition of stellate cell activation via TGF-β/Smads pathway, and regulating hepatic matrix metabolism etc. (Liu et al., 2009). And recently, we found that FZHY could regulate immunity in diseased liver (Zhang et al., 2020). In particular, FZHY was found to have favorable effects on pulmonary interstitial inflammation and fibrosis in Bleomycin induced rats in our previous study (Dai et al., 2006; Tan et al., 2007), and helpful in improving lung function for Chronic obstructive pulmonary disease (COPD) patients as well [Published in Chinese]. However, little is known about the mechanism of action for FZHY against lung fibrosis.
TABLE 1 | Components of Fuzheng Huayu formula.
[image: Table 1]Pulmonary fibrosis is associated with inflammation characterized by the recruitment of macrophages, neutrophils and lymphocytes in the airways (Ward and Hunninghake, 1998). Among these, macrophage infiltration was the most crucial for regulating the progression of lung fibrosis (Wynn and Vannella, 2016; Yao et al., 2016).
Activation of macrophages could accelerate the recruitment and activation of other immune cells, thus further amplify the pulmonary inflammation, initiate and develop lung fibrosis. During this period, inflammatory mediators (eg. TNF-α) and pro-fibro-genic factors (eg. TGF-β1) were released, which accelerated the deterioration of the lung tissue, stimulated fibroblast activation. As a result, overproduction and deposition of ECM were accumulated in the lung tissue, and eventually fibrosis occurred. Could FZHY play its action against-lung fibrosis via anti-inflammation as it acted against liver fibrosis via protecting hepatocyte from injury and inflammation? Or are there any other mechanisms, through which FZHY plays a comprehensive role in preventing or regressing lung fibrosis?
By focusing on the above questions, we applied a network pharmacology approach with online database to search for probable target genes of FZHY related to pulmonary fibrosis treatment. Then a series of experimental assays were performed in vivo and in vitro to validate the effects of FZHY on pulmonary fibrosis and their underlying mechanism (Figure 1). With the above works, we predicted that TNF-α was the main target of FZHY against pulmonary fibrosis, which had been validated in Bleomycin induced lung fibrosis model in mice. Moreover, macrophage was the main resource of TNF-α in diseased lung, and we elucidated that FZHY could inhibit pro-inflammatory macrophage activation via NF-κB/TNF-α signaling pathway, which was closely associated with its efficacy on lung fibrosis. These results might represent a breakthrough in the potential use of FZHY for pulmonary fibrosis treatment.
[image: Figure 1]FIGURE 1 | Flow chart.
MATERIALS AND METHODS
Ethics
All experimental procedures complied with the Guidelines for Experimentation of Shuguang Hospital, affiliated with Shanghai University of Traditional Chinese Medicine. The protocols were reviewed and approved by the Ethics Committee of the institution.
Databases
Data on the canonical name and molecular weight of the compounds in FZHY were obtained from the Traditional Chinese Medicine Systems Pharmacology database and Analysis Platform (TCMSP; http://tcmspw.com/tcmsp.php, version 2.3, updated on april 30, 2021 (Ru et al., 2014), the Bioinformatics Analysis Tool for Molecular Mechanism of Traditional Chinese Medicine (BATMAN-TCM; http://bionet.ncpsb.org/batman-tcm/, updated on april 30, 2021) (Liu et al., 2016), and PubChem (https://pubchem.ncbi.nlm.nih.gov, updated on april 1, 2021; (Kim et al., 2019). To identify the compounds with high levels of oral absorption, usability, and biological activity for further study, candidate components were screened and selected based on the following two parameters: 1) oral bioavailability (OB) of ≥30% and 2) drug-likeness (DL) of ≥0.18.
Prediction of Drug-Related Targets of Bioactive Components
Predicted target genes of FZHY ingredients were screened in two online databases, TCMSP and BATMAN-TCM (Ru et al., 2014; Liu et al., 2016). The known therapeutic targets of these ingredients were confirmed by referring to DrugBank database (www.drugbank.ca, updated on 28 February 2020) and designated as the putative targets of FZHY. The putative targets were designated as the drug-related genes.
Prediction of PF-Related Genes From Gene Expression Omnibus Profiles
Gene expression microarray data (GSE76808) on the gene expression profiles of PF in patients with and without systemic sclerosis-related interstitial lung disease were obtained from Gene Expression Omnibus (GEO) database of the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/geo), a public functional genomics data repository. Data of 18 lung samples were obtained, four of which from individuals without PF (GSM2038281, GSM2038282, GSM2038283 and GSM2038284) and 14 of which from patients with PF (GSM2038267, GSM2038268, GSM2038269, GSM2038270, GSM2038271, GSM2038272, GSM2038273, GSM2038274, GSM2038275, GSM2038276, GSM2038277, GSM2038278, GSM2038279 and GSM2038280). By using the data from the whole human genome microarray, we analyzed the potential therapeutic targets for patients with and without PF by employing the LIMMA package in the R language. An adjusted p value of <0.05 and a fold change (FC) of >1.2 were selected as the cutoff criteria. The potential genes were considered PF-related target genes and processed by using Strawberry Perl (version 5.30.0.1) and R (version 4.0.2) with the Bioconductor packages.
Prediction of PF-Related Targets From Online Databases
Information regarding the various genes associated with PF were obtained from the GeneCards database (http://www.genecards.org) and Online Mendelian Inheritance in Man (OMIM) database (http://omim.org/), which are knowledge bases of human genes and genetic disorders (Hamosh et al., 2005; Stelzer et al., 2016). The key search terms used in two databases were “lung fibrosis” and “Pulmonary fibrosis” and the results were exported online.
Processing of Data on Potential Hub Genes Involved in Effects of FZHY on PF
The predictions of PF-related genes and putative drug-related genes were verified by VennDiagram R package. Overlapping genes were considered as potential hub genes related to the preventative effects of FZHY against PF.
Network Construction and Analysis
On the basis of the potential hub genes identified through the aforementioned process, a protein–protein interaction (PPI) network was established by public Search Tool for the Retrieval of Interacting Genes/Proteins database (https://string-db.org, updated 21 May 2021) (Szklarczyk et al., 2015). The minimum required interaction score was set to 0.7 to improve the accuracy of results. For further observations of biological functions of the hub genes, the cluster Profiler package was used to explore and visualize the data used in the pathway and functional enrichment analysis. Cytoscape (version 3.7.1) was used to construct and visualize a network of the compound–target protein-differential genes, which can be used to identify the target proteins that connect between compounds and differential genes in PF.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis
To identify the functional annotation and pathway enrichment associated with the potential genes, a pathway enrichment analysis was performed by Gene Ontology (GO) annotation database (http://www.geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg) using cluster Profiler R package (Ashburner et al., 2000; Kanehisa et al., 2019). The enrich plot and DOSE Bioconductor packages were used to visualize the enrichment results and facilitate the interpretation process (Yu et al., 2015). Biological process (BP), molecular function (MF), and cellular component (CC) were used to visualize the functional annotation and pathway of potential genes. Enrichment with a p value of <0.05 was considered statistically significant, and an adjusted p value of <0.05 was set as the threshold value.
Drug Preparation and Identification
FZHY formula was purchased from Shanghai Sundise Traditional Chinese Medicine Co., Ltd, and was prepared as previously described (Liu et al., 2019; Wu et al., 2019) Table 2.
TABLE 2 | The chemical components of FZHY for FZHY quality control.
[image: Table 2]Mouse Models
Male C57BL/6 mice (24 ± 2 g) were supplied by Zhejiang Vital River Laboratory Animal Technology Co., Ltd. (License No: SCXK (Zhe)2019–0001). The mice were fed in the Experimental Animal Center of Shanghai University of Traditional Chinese Medicine and were acclimatized to the animal center conditions for 3 days before experiments. The mice were given Rodent Laboratory Chow and water ad libitum and maintained under controlled conditions with a temperature of 22–25°C, relative humidity of 46–52%, and a 12/12-h light/dark cycle (lights on at 7a.m.). Our experiments were conducted in accordance with the Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine (License No: PZSHUTCM200821006).
Bleomycin-Induced Murine Pulmonary Fibrosis Model
We utilized a modified model of bleomycin-induced pulmonary fibrosis according to our previous work (Tan et al., 2007). Briefly, Bleomycin (CSN10472, Csnpharm, USA) dissolved in saline was administrated via trachea route at a single dose of 2 mg/kg at day 0. The sham-treated mice were treated with the identical volume of normal saline.
Animal Groups and Experimental Design
To evaluate the effect of FZHY on PF, 46 C57BL/6 mice were randomly divided into four treatment groups: normal control (n = 10), model control (n = 12), FZHY treatment (n = 12) and positive control (n = 12). Mice in model control, FZHY treatment and positive control groups were received bleomycin via trachea route to induce pulmonary fibrosis model at Day 0. In addition, for FZHY treatment groups, FZHY was administered daily through oral gavage at doses of 5.6 g/kg body weight once a day for 20 consecutive days. The daily amount of FZHY was equivalent to 10 times of the clinical dose of 60 kg/day body weight in adults. Mice in positive control group was intragastrically administered methylprednisolone (Pfizer Italia Srl, H20150245) at a daily dose of 10 mg/kg body weight. For the normal control and model control groups, the mice were treated with saline through gavage. All mice were sacrificed with pentobarbital sodium and killed 24 h after the last administration.
Pulmonary Histopathology
Morphological evaluation was performed on formalin-fixed, paraffin-embedded lung tissue sections and stained with hematoxylin and eosin (HE) to investigate levels of lung inflammation in accordance with manufacturer’s procedures. For estimating the lung collagen deposition, Masson’s trichrome staining (collagen stains blue) and picrosirius red staining (collagen stains red) were performed. The images were analyzed using a light microscope (Olympus BX40, Japan).
Immunohistochemical Analysis
Immunohistochemical analysis was performed to detect TNF-α and F4/80 expressions in lung tissues. In brief, paraffin-embedded sections were deparaffinized in xylene twice for 10 min and rehydrated in graded concentrations of ethanol (100%, 95%, 90%, 80% and 70%) and then submerged to water. For antigen retrieval, the whole sections were submerged in antigenic retrieval buffer and microwaved. They were then treated with 3% hydrogen peroxide in methanol to inactivate the endogenous enzymes. Sequentially, the sections were incubated with 5% bovine serum albumin (BSA) for 20 min in room temperature to block nonspecific binding. Sections were incubated with anti-TNFα (Absin, abs131997, China) or F4/80 (CST, 70076T, USA) overnight at 4°C, respectively. After washing with phosphate-buffered saline (PBS), tissue sections were treated with secondary antibodies, followed by incubation with conjugated horseradish peroxidase–streptavidin. Tissue sections were then counter-stained with hematoxylin, dehydrated and mounted.
Immunofluorescence Staining
The lung tissue sections or cells were fixed with cold acetone for 30 min and treated with 0.5% TritonX-100 for 2 min. Then they were blocked with 1% bovine serum albumin for 40 min, and stained with primary antibody. After washing, they were incubated with fluorescent secondary antibody. Nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI; ab228549, abcam, USA). Images and photographs were obtained by Olympus confocal microscope.
Isolation of Murine Bone Marrow-Derived Macrophages
10–12 weeks old male C57BL/6 mice were euthanized. Subsequently, the knee joint was cut and both ends of tibia and femur were removed one by one. The bones were washed with sterile PBS. The ends of the bones were removed to flush out the bone marrow with DMEM containing penicillin-streptomycin. Next, the bone marrow was resuspended and passed through a 70 μm nylon filter to remove debris and unwanted tissue. Cells were centrifuged for 10 min at 1,500 rpm. The cell pellet was resuspended in 3 ml red blood cell (RBC) lysis buffer. RBCs were lysed for 2 min at room temperature (RT). Cells were separated by centrifugation (10 min, RT, 1,500 rpm). RBC-free cell pellets were resuspended in DMEM containing of 10% FBS without penicillin-streptomycin, and cells were enumerated by using a TC-20 cell counter (Biorad, USA). Cells were adjusted to 3.0 × 105 cells/ml in BMDM medium and seeded into T150 flask (NEST, China). Medium was changed 4 days later. After 7 days of culture, 99% of the attached cells were BMDMs.
Cell Viability Assay
CCK8 cell viability kit (HY-K0301, MCE, China) was used to detect cell viability. Briefly, BMDMs were seeded in 96-well plates (3×104 cells/well) and 100 μl of 10% CCK8 solution were added into each well, followed by incubation in a humidified incubator for 2 h at 37°C, 5% CO2. After the incubation, absorbance was measured at 450 nm and 630 nm using a microplate reader (BioTEK, MQX200R, USA).
Cytokine Quantification
TNF-α (227846-011, Thermofisher, Austria) and IL-6 (234277-008, Thermofisher, Austria) released in supernatants were quantified by ELISA according to manufacturer’s protocol.
Western Blot Analysis
Cell pellets or lung tissues were lysed with RIPA buffer containing a complete cocktail of protease inhibitors in western blot analysis (53153900, Roche, Germany). Proteins were quantified by BCA Protein Assay (WA322434, Thermofisher, USA) and equal amounts (20 μg) of total protein lysates from each sample were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were then transferred onto polyvinylidene fluoride (PVDF) or nitrocellulose (NC) membranes. Membranes were blocked with blocking buffer (WB315798, Thermofisher,USA) and then incubated with the following primary antibodies respectively: anti-TNF-α (1/1,000; 11948T, CST,USA), anti-Arg1 (1/1,000; 93668S, CST, USA), anti-iNos(1/1,000; 13120S, CST, USA), anti- NF-κB (1/1,000; 8242S, CST, USA), anti-p-NF-κB (1/1,000; 3033S, CST, USA), and anti-GAPDH (1/5000; 60004-1-Ig, Proteintech, China). Membranes were then thoroughly rinsed and incubated with species-matched HRP-conjugated secondary antibodies. Protein bands were visualized by ECL Western blot detection reagents (4600SF, Tanon, China) in accordance with manufacturer’s protocol or defined by scanning (Odyssey, USA) and quantified by computer-assisted image analysis system.
Real-Time Fluorescence Quantitative Polymerase Chain Reaction
Total RNA was extracted using TRIzol Reagent (Sangon Biotech, Shanghai, China) in accordance with manufacturer’s protocol. After the concentration of RNA was determined, 500 ng of total RNA was used as the template for reverse transcription into single-stranded cDNA by Reverse Transcription Reagent Kit with gDNA Eraser (Takara, Dalian, China). Real-time fluorescence quantitative polymerase chain reaction was performed using SYBR Premix Ex Taq (Tli RNaseH Plus; Takara) and ViiA seven Real-Time PCR System (ABI, Carlsbad, CA, USA). The β-actin gene was amplified as an internal control, and the primer sequences are listed in Table 3. The relative gene quantities compared with β-actin were calculated through the 2-∆∆CT method.
TABLE 3 | Real-time quantitative PCR primers used in this study.
[image: Table 3]Statistical Analysis
All data were analyzed using PASW Statistics software (version 20). Differences between groups were assessed through a nonparametric one-way analysis of variance. Values were presented as mean ± standard deviation. p < 0.05 was considered statistically significant.
RESULTS
Putative Ingredients and Targets for FZHY
We selected a total of 141 ingredients based on the following criteria for the absorption, distribution, metabolism, and excretion (ADME) properties of drugs with potential biological effects at a systematic level: OB ≥ 30% and DL ≥ 0.18 (Supplementary Table S1). The potential targets of FZHY were predicted by referring to the TCMSP, BATMAN-TCM and DrugBank databases, as described in the Materials and Methods section. A total of 197 potential target genes for FZHY were identified (Supplementary Table S2) after the redundant data were removed.
Differentially Expressed mRNAs in Patients With and Without PF
By using the raw data from the GSE76808 dataset, we analyzed mRNA expression profiles in the lung samples from patients with and without PF. Figure 2A presents a heatmap of the expression of the top 40 genes in the lung samples from the patients with PF and the controls. Volcano plot filtering identified 397 differentially expressed mRNAs (p < 0.05, |FC| > 1.2, Figure 2B). Among them, 158 mRNAs were upregulated, and 239 mRNAs were downregulated. Supplementary Table S3 presented the detailed information regarding these therapeutic targets used in the data analysis. In addition, the PF-related targets were predicted using the GeneCards and OMIM online databases (Supplementary Tables S4, S5).
[image: Figure 2]FIGURE 2 | Analyses of the different potential therapeutic targets between PF and healthy lung tissues. (A) The heatmap comparing the different gene expressions between PF and healthy lung tissues was shown. (B) The volcano plot of p values as a function of weighted fold change for mRNAs in PF and healthy lung tissues. The vertical dotted line delimits up- and down-regulation. Red and green plots represent significant up-regulated and down-regulated mRNAs with>1.2-fold change and corrected p < 0.05, respectively. (C) Venn diagram of FZHY- and PF-related proteins. The overlapped genes were considered as the potential hub genes of FZHY against PF. (D) The Component-Target protein network. The violet triangles represent the candidate active compounds in FZHY. The green circles represent the gene names of target proteins of PF. (E) Cluster analysis of the PPI network. 12 FZHY-PF crossover proteins were filtered into the PPI network complex. (F–H) Bioinformatic analyses of drug-disease intersection proteins. Gene ontology annotations, including BP (F), CC (G) and MF (H) analysis. (I) KEGG pathway enrichment analysis of 12 putative targets. (I) PF-related KEGG pathway enrichment was presented.
Construction of FZHY Target-PF Network
Based on the identified FZHY- and PF-related target genes, a Venn diagram of the FZHY- and PF-related proteins was created. The overlapping genes were considered differentially expressed genes (DEGs) and designated as potential hub genes for the effects of FZHY on PF (Figure 2C). A total of 12 DEGs were filtered into the PPI network complex and presumed to be related to the effects of FZHY on PF (Figure 2D; Table 4). In addition, a PPI network of the 12 DEGs was constructed (Figure 2E).
TABLE 4 | The potential hub genes of FZHY against PF.
[image: Table 4]To identify the relevant gene functions, the GO annotation, consisting of the BP, CC, and MF categories, displayed in Figures 2F–H, was assayed for the 12 DEGs by using R software. After KEGG analysis, DEGs were mapped to 53 KEGG pathways (Figure 2I and Supplementary Table S6). Notably, the top one ranked KEGG pathway was TNF signal pathway.
FZHY Ameliorated Bleomycin-Induced Lung Fibrosis
The pulmonary fibrotic mice were intervened with FZHY and methylprednisolone as positive drug respectively (Figure 3A). Since the intratracheal instillation of bleomycin in mice results in lung injury, which peaks 3–5 days later, and was followed by pulmonary fibrosis at 21 days (Chua et al., 2005; Budinger et al., 2006), the efficacy of FZHY and methylprednisolone on bleomycin-induced lung fibrosis in mice was evaluated 21 days after the administration. Compared with the normal mice, the lung weight was increased in model control (Figure 3B). FZHY and methylprednisolone treatment significantly decreased the lung weight compared to the model control (Figure 3B). The collagen deposition in lungs evaluated by Masson and Sirius red staining, and fibroblast activation measured as α-SMA expression with western blot (Figure 3C), was significantly increased in model control mice, but were decreased in FZHY and methylprednisolone groups compared to the model control. Also pulmonary inflammation appeared to also be more severe after bleomycin challenge, while FZHY treatment alleviated the inflammatory response in lung tissues (Figure 3D). Besides, the semi-quantitation for lung fibrosis with a numerical fibrotic scale was conducted (Ashcroft score) (Figure 3E). In, similar tendency in effects of FZHY against bleomycin-induced pulmonary fibrosis was observed, and there is no difference for the lung weight, fibrotic areas and α-SMA expression between FZHY and methylprednisolone. The results revealed that bleomycin-treated mice exhibited the increase of inflammation and collagen deposition, while FZHY treatment could suppress the changes caused by bleomycin.
[image: Figure 3]FIGURE 3 | FZHY treatment attenuates bleomycin-induced lung fibrosis in vivo. (A) Lung fibrosis was induced by bleomycin at day 0. Then mice were administered with FZHY or methylprednisolone once a day for 20 consecutive days. 24 h after FZHY administration, all mice were sacrificed. (B) Ratio of lung weight to body weight in each group. (C) α-SMA protein expression in each group. (D) Pathological analysis including H&E, Masson, Sirius red stains at ×100 magnification in each tissue specimen. (E) Semi-quantitative analysis for collagen deposition. *p < 0.05; **p < 0.01; ***p < 0.001.
FZHY Reduced Expression of TNF-α in Macrophages in Mice Pulmonary Fibrosis in vivo
TNF-α expression in lung tissue was measured by immunohistochemical staining and western-blot assay. As shown in Figures 4A–E, positive staining, protein and gene (mRNA) expression of TNF-α were markedly increased in model control group than that in the normal mice. In particular, most of the positive staining of TNF-α located in lung interstitial area. Compared with the model group, TNF-α expression was remarkably decreased after FZHY or methylprednisolone as positive drug, but there is no significant difference between two treatment groups. To confirm whether expression of TNF-α was contributed by the inflammatory macrophages, we conducted double stains with antibodies of F4/80 [a mouse macrophage surface marker, (Austyn and Gordon, 1981; Lee et al., 1985)]. As Figures 4F-G showed that there were obvious increased positive stains for the single F4/80, and both F4/80 and TNF-α, i.e. inflammatory macrophages in model control group, compared to the normal mice, but those positive stains were decreased in FZHY or methylprednisolone treatment without difference between two treatments. These data revealed that FZHY treatment could significantly inhibited the aggregation of inflammatory macrophages in the lung.
[image: Figure 4]FIGURE 4 | FZHY reduced expression of TNF-α in macrophages in mice Pulmonary Fibrosis in vivo (A–B) Immunohistochemistry for expression of TNF-α in the lung tissue (A; magnification, ×400) and semi-quantitative analysis for the positive-stain of TNF-α (B). (C) mRNA expression of TNF-α in the lung tissue. (D–E) Western blot for TNF-α of the lung tissue (D) and histograms for Western blot results (E). (F) Immunohistochemistry for expression of F4/80 in the lung tissue. (G) Representative immunofluorescence confocal microscopy images of F4/80 and TNF-α; red transfected into F4/80; green transfected into TNF-α. *p < 0.05; **p < 0.01; ***p < 0.001.
FZHY Downregulated TNF-α Expression via NF-κB Pathway in LPS-Stimulated BMDMs
To elucidate the regulatory mechanism of FZHY on TNF-α expression in macrophages, we investigated the anti-inflammatory effects of FZHY on LPS-stimulated BMDMs. Firstly, BMDMs were incubated with 25–200 μg/ml of FZHY for 24 h, and there was no obvious cell toxicity during this dose scope. Secondly, BMDMs were exposed with 100 ng/ml and 200 ng/ml of LPS to induce proinflammatory polarization in vitro, respectively. Subsequently, cells were incubated with 25–100 μg/ml of FZHY for 24 h, the contents of TNF-α and IL-6 in cell supernatant were significantly inhibited by FZHY with a dose dependent manner (Figures 5B,C), which revealed that FZHY might be able to act a vital role in resisting inflammation by M1 macrophage polarization in vitro.
[image: Figure 5]FIGURE 5 | FZHY reduced the expression of TNF-α in LPS-inducedmacrophages in vitro. (A) Viability ofBMDMsat 24 h incubatedwith different concentrations of FZHY assessed byCCK8assay.BMDMswere treated withLPS (100 or 200 ng/ml) with or without FZHY(25 μg/ml, 50 μg/ml, 100 μg/ml) for 24 h (B–C) Levels of TNF-α and IL-6 in supernatant after 24 h incubated with different concentrations of FZHY observed by Elisa kits. (D) Western blot analysis for TNF-α, (E) Arg1 and iNos of the LPS-stimulated BMDMs. Representative immunofluorescence microscopy images of iNos (F) and Arg1 (G). (H) Western blot analysis for p65 and p-p65 production in the LPS-stimulated BMDMs.(I) Representative images of immunofluorescence staining of p-p65 NF-κB (white) nuclear translocation. Cell nuclei are detected by 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale bars, 50 μm. Semi-quantitative evaluation of p-p65NF-κB nuclear translocation, as evidenced by the colocalization experiments.Results are expressed asmeans ± SDof the relative percentage of p-p65 nuclei-positively stained cells to the total number of cells. Ten fields per condition were analyzed. *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001.
To confirm the anti-inflammatory effect of FZHY in vitro, we checked TNF-α expression with by western blot, the results showed that FZHY incubation for 24 h decreased TNF-α expression in LPS stimulated BMDM (Figure 5D; Supplementary Figure S5D). Besides, FZHY decreased the levels of iNos and enhanced Arg-1 (Figure 5E; Supplementary Figure S5E), respectively. In addition, compared with those in the LPS-simulated BMDMs (Figures 5F,G), immunofluorescence stains of Arg-1 and iNos were exhibited with the same tendency after FZHY incubation.
In further analysis, expression of component (p65) of NF-κB, the key transcription factor of TNF-α signal pathway, was significantly increased after LPS stimulation at a dose dependent manner. In contrast, levels of NF-κB components in pro-inflammatory BMDMs were effectively down-regulated in Figures 5H,I; Supplementary Figure S5H. The NF-κB nuclear translocation was moderately blocked after incubation of FZHY, which was demonstrated by the positive nuclear immunostaining (Figures 5H,I; Supplementary Figure S5H). Taken together, these results implicated that FZHY could inhibit activation of proinflammatory macrophages through NF-κB/TNF-α pathway.
DISCUSSION
Pulmonary fibrosis is characterized by an excess accumulation of collagen deposition in the lung tissue, accompanied by progressive dyspnea and worsening of pulmonary function with a high mortality rate. It has highly heterogeneous etiologies and complicated pathologic mechanisms. Although fibroblasts activation and differentiation played a pivot role in lung fibrogenesis, inflammatory mediators such as TNF and IL-1β have an important effect on the initiation and development of lung fibrosis. Macrophages and many other cells produce TNF after exposure to silica and bleomycin etc. While, methylprednisolone, the most used drug to inhibit inflammatory diseases in clinic, was effective for some type of lung fibrosis (Wynn, 2011). In current study, we firstly found that TNF-α related pathway could be the target of FZHY against lung fibrosis with informatic analysis, then FZHY was confirmed to inhibit the development of lung fibrosis in bleomycin-induced mice model, whereas methylprednisolone used as a positive control. Lastly, it revealed that the action mechanism of FZHY against lung fibrosis was associated with NF-κB/TNF-α signaling in LPS-stimulated macrophage.
Lung fibrosis is an orchestra process involving integrating mechanisms. TCM or herbal medicines comprise various active components, which could produce synergistic or antagonistic interactions among components through its multicomponent and multitarget principles (Wang et al., 2014). It is difficult to understand and uncover the main action mechanism of TCM due to its complexity. While a network pharmacology approach has the characteristic of integration and entirety, which is a very suitable tool to predict the target profiles and pharmacological mechanisms of active substances in TCM (Li and Zhang, 2013). FZHY formula, a traditional Chinese medicine formula, is used to treat liver fibrosis and cirrhosis in China. FZHY has been shown to have no serious adverse reactions and exerts antifibrotic effects through targeting multiple molecules (Chen et al., 2019). In our previous studies, FZHY could protect lung injury and fibrosis induced by bleomycin in rats, and improve pulmonary function in patients with COPD [Published in Chinese]. Herein, we applied the network pharmacology method to predict the mechanism of FZHY on lung fibrosis development. Given FZHY and other TCM products were taken orally, OB (Xu et al., 2012) and DL (Walters and Murcko, 2002), two ADME-related models, are the main factors affecting the absorption of drugs in gastrointestinal tract. Thus, we screened the bioactive components of FZHY by using two parameters: OB ≥ 30% and DL ≥ 0.18. A total of 197 active components were identified as FZHY-related genes, and 12 Differentially Expressed Genes (DEGs) were identified by bioinformatical analysis. To understand the relevant gene functions and the possible pathways of 12 DEGs, GO and KEGG pathway enrichment was analyzed through R software. The results revealed that TNF signaling pathway was markedly ranked first for FZHY action mechanism against lung fibrosis.
Studies have shown that TNF was a prerequisite for the development of pulmonary fibrosis, and TNF−/− mice were completely unaffected by inflammation and fibrosis. The expression of TNF could not only trigger the initial acute inflammatory response to bleomycin-induced lung tissue injury, but also provide chronic inflammatory signals and lead to the progress of pulmonary fibrosis (Oikonomou et al., 2006). Therefore, the treatment strategy of inhibiting TNF production is of great significance in the treatment of pulmonary fibrosis. Based on the analysis results of network pharmacology, we further verified the anti-pulmonary fibrosis mechanism of FZHY by inhibiting TNF pathway in vivo and in vitro. Inflammatory macrophages are the main source of TNF(Shapouri-Moghaddam et al., 2018). In our animal experiment, the histological results showed that inflammation and coagulative necrosis were pronounced in the bleomycin-treated mice, while FZHY and methylprednisolone reduced lung inflammation and collagen deposition in vivo. Given inflammation is closely associated with the infiltration of macrophages in the lung, expressions of TNF-α and F4/80, a gold marker for macrophage, were observed to locate the origin of cells that mainly expressed TNF-α. The double staining result showed that macrophage is the main resource of TNF-α and increased in bleomycin-induced pulmonary fibrosis in mice. Meanwhile, FZHY and methylprednisolone decreased TNF-α+F4/80+ cell staining. It indicated that FZHY might inhibit experimental pulmonary fibrosis via down-regulate the activation of pro-inflammatory macrophages expressing TNF-α. In the in-vitro study, we revealed that FZHY inhibited pro-inflammatory macrophages activation, demonstrated by a decrease in release of TNF-α, IL-6 and iNOS, but increase of Arg1 in LPS-induced BMDMs. These above results suggested that FZHY might play an anti-pulmonary fibrosis role by inhibiting the inflammatory polarization of macrophages and reducing the production of TNF.
The most potent stimulus for eliciting TNF production by macrophage is LPS(Shapouri-Moghaddam et al., 2018), which could promote TNF production via NF-kB pathway (Tang et al., 2021). Therefore, blockade of NF-kB pathway is crucial step to inhibit macrophage activation and improve inflammation. NF-κB phosphorylation is a hallmark of NF-κB function to activate NF-κB-dependent transcription (Chen and Ivashkiv, 2010). p65 is one of the important subunits of NF-κB. Inhibiting p65 activation, that is, inhibiting the production of p-p65, can reduce LPS-induced acute lung injury and reduce the production of TNF(Yang et al., 2021). In the study, we observed NF-κB nuclear translocation in LPS-stimulated activation of pro-inflammatory macrophages with confocal immunofluorescence, and found that FZHY could significantly reduce the production and nuclear translocation of p65, indicating that FZHY could inhibit macrophage activation and inflammation via NF-κB/TNF-α pathway.
Our work indicates that macrophage is the important target cell for the therapy of pulmonary fibrosis, which was also proposed in liver fibrosis (Tacke, 2017). However, whether FZHY could influence lung fibroblasts directly via NF-κB/TNF-α pathway? What is the anti-pulmonary fibrosis molecular target in NF-κB/TNF-α pathway for the active components of FZHY? The answers to these questions would be our next research topic.
CONCLUSION
FZHY was effective in alleviating pulmonary fibrosis, whose action mechanism was associated with regulation of NF-κB/TNF-α signaling pathway in pro-inflammatory macrophages. These findings provided an important strategy for developing new agents against lung fibrosis and accelerated FZHY product application on patients with lung fibrosis.
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p-actin Mus musculus GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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IL12A
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CFLAR
CONB1
ADCY10
HDACO
ARG1
BAK1
DICER!
IKBKG
MYHS
coLaag
FGA
ABL1
GUAS
ARHGAP31
FCGR3B
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INcRNA HULC
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Expression
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated

Downregulated
Downreguiated

Role

Promotion of liver
fiorosis
Promotion of liver
fiorosis
Promotion of liver
fiorosis
Promotion of liver
fiorosis
Promotion of liver
fiorosis
Promotion of liver
fiorosis

Inhibition of liver fibrosis

Inhibition of liver fibrosis
Inhibition of iver fibrosis
Inhibition of liver fibrosis

Functional role

HSC activation, inflammatory response
HSC activation, autophagy and proliferation, survival, cell cycle

prolferation, activation, metabolism of lipid droplets, trans-
differentiation
HSC prolferation, cel cycle, and activation

HSC cell proliferation and activation
HSC activation

Hepatic steatosis, inflammation, hepatocyte red lipid vesicles, HSC
apoptosis

HSC activation, proliferation, apoptosis

HSC activation, proliferation, EMT

HSC activation, EMT
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Antibodies Dilution ratio Species

a-SMA 1:2000 Rabbit
COL1A1 1:1000 Rabbit
Cyclin D1 1:500 Rabbit
c-Myc 1:1000 Rabbit
CDK4 1:500 Mouse

LEFTY2 1:1000 Rabbit
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hsa_circ_0072437

hsa_circ_0001147

hsa_circ_0047086

hsa_circ_0010117

hsa_circ_0005325

Down regulation

hsa_circ_0066631

hsa_circ_0000647

hsa_circ_0072547

hsa_circ_0002663

hsa_circ_0074362

Symbol

ENSGO0000151883(PARPS:
poly(ADP-ribose)

Polymerase family member

8 [Source:HGNC
SymbolAcc:HGNC:26124)),
ENSGO0000131051(RBM39

:RNA binding motif protein

39 [Source:HGNC
SymbolAcc:HGNC:15923),
ENSGO0000158201(ABHDS:

Abhydrolase domain

Containing 3 [Source:HGNC
SymbolAcc:HGNC: 18718)),
ENSGO0000065526(SPEN:s

Pen family transcriptional

repressor [Source:HGNG
SymbolAcc:HGNC:17575)),
ENSGO0000126261(UBA2:u

biquitin-like modifier

[Source:HGNG Symbol:Acc:HGNC:30661),

ENSGO0000057019(DCBLD
2:discoidin, CUB and LCCL

domain containing 2 [Source:HGNC SymbolAcc:HGNC:
24627),

ENSGO0000140612(SECT1A

:SEC11 homolog A, signal peptidase complex subunit
[Source:HGNG

ENSGO0000062194(GPBP1:

GC-rich promoter binding

Protein 1 [SourceHGNC

SymbolAcc:HGNC:20620)),
ENSGO0000189376(C80rf7

6:chromosome 8 open

reading frame 76

[Source:HGNG

SymbolAcc:HGNC:25924)),
ENSGO0000259305(ZHX1-C

8orf76:ZHX1-CBor76

Readthrough [Source:HGNG
SymbolAcc:HGNC:42975)),
ENSGO0000145819(ARHGA

P26:Ro GTPase activating

Protein 26 [Source:HGNG
SymbokAcc:HGNC:17073)),
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Variable Crude model Model | Model Il
B (95%Cl) p-value B (95%CI) p-value B (95%Cl) p-value
MCV, fi 004 (0.00, 0.09) 00485 005 (0.00, 0.09) 00428 0.05 (0.00, 0.10) 00367
Anemia classification
Normocytic anemia References References References
Macrocytic anemia 220 (0.99, 3.41) <0.001 231 (1.09, 3.52) <0.001 2.40 (1.06, 3.74) <0.001
Microcytic anemia 034 (-1.01, 1.70) 06195 0.39 (-0.97, 1.74) 05762 029(-1.17,1.76) 06958

Abbreviations: Ci, confidence intervel.
Model | adiusted for Sex and Age. Model Il adiusted for Sex, Age, Smaking, Drinking, SBP. DBP.
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Inflection Effect size(f)
point of MCV

<98.2 0.0
>08.2 0.2

Effect: MELD Cause: MCV
adjusted :Sex, Age, Smoking, Drinking, SBP, DBP.

95%Cl

-0.110 0.1
0.1t00.4

p Value

0.793
0.008





OPS/images/fphar-12-747450/crossmark.jpg
©

|





OPS/images/fphar-12-755625/fphar-12-755625-g001.gif
TRt i o By e 00 00

[ -
TR it
TR
e -
3 e

T

F——N R T T






OPS/images/fphar-12-755625/fphar-12-755625-g002.gif
s

s

N:

By

B .
3





OPS/images/fphar-12-755625/fphar-12-755625-t001.jpg
Variable Macrocytic anemia

No. of participants 72
Mean corpuscular volume, fl 105.40 + 4.49
Age, years 66.29 + 13.79
Sex

Male, n (%) 60 (83.33)

Female, n (%) 12 (16.67)
Smoke, n (%) 28 (41.18)
Alcohol, n (%) 25 (37.88)
Diabetes, n (%) 8(11.11)
Hypertension, n (%) 9(1250)
Hemoglobin, g/L 102.48 + 21.07
Hemoglobin, categorical recoded, n (%)

>90 57 (79.17)

60-90 11 (15.28)

<60 4(5.56)
Biood glucose, mmol/L 5.58 + 2.00
SBP, mmHg 128.36 + 17.88
DBP, mmHg 76.41 £ 10.40
Bilirubin,pmol/L 56.3 (25.6-120.2)
Creatinine umol/L 635 (60.5-93.2)
INR 1.50 + 0.69
eGFR
mb/min/1.73 m? 110.0 (74.2-761.2)
ALB 31.31 + 6.82
AST 60.5 (33.2-117.8)
ALT 37.5 (23.0-88.0)
ALP 121.0 (81.8-204.5)
GGT 80.5 (36.8-190.5)
MELD 17.02 +6.94
Complications, n(%)

[Ve:} 10 (13.89)

SBP* 1(1.39)

HE 0(0.00)

Normocytic anemia

330
91.14 + 5.09
656.32 + 12.65

237 (71.82)
93 (28.18)
98 (31.11)
88 (27.76)
58 (17.58)
55 (16.67)

10222 + 1898

245 (74.24)
78 (23.64)
7212
6.19+3.22
128.86 + 19.29
77.66 + 11.88
40.4 (25.1-75.0)
62.0 (49.0-86.0)
1.27 £ 027

112.3 (75.4-2,362.1)
31.04 + 6.06
59.0 (34.0-105.8)
42.0 (24.0-74.0)
123.5 (89.0-186.8)
94.0 (45.0-217.5)
14.82 £ 4.20

50 (16.15)
5(1.52)
12 (3.64)

Microcytic anemia

56
7292 +5.16
66.78 + 13.72

42 (76.36)
13 (23.64)
23 (43.40)
19 (35.85)
11 (20.00)
12 (21.82)
7315+ 18.14

9(16.36)

36 (65.45)
10 (18.18)
621+ 257
127.64 £ 19.71
79.62 + 12.71
34.1 (19.2-71.6)
66.0 (65.5-90.5)
1.30 £ 0.22

1215 (83.0-377.2)
33.04 + 5,87
47.0 (31.0-93.5)
37.0 (23.0-67.0)
138.0 (81.5-244.0)
107.0 (43.5-364.5)
1516 + 4.25

2(364)
0(0.00)
0(0.00)

p-value

<0.001
0.617
0.120

0.091
0171
0.332
0.376
<0.001
<0.001

0.588
0715
0.378
<0.001
0.209
<0.001

0.091

0.090
0.518
0.864
0.924
0.663
<0.001

0.069
1.000
0.093

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; MELD, model for end stage liver disease; UGB, upper gastrointestinal bleeding; SBP", spontaneous bacterial
peritonitis; HE, hepatic encephalopathy; INR, international normaiized ratio; eGFR, estimated GFR; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT,

gamma-glutanyl transferase; ALP, akakine phosohatase.
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Statistics

Sex

Female 118 (25.82%)

Male 339 (74.18%)
Age 655 12.9
Smoking 149 (32.6%)
Drinking 132 (28.9%)
Dicbetes 77 (16.8%)
Hypertension 76 (16.6%)
Hemoglobin, g/L

>90 311 (68.1%)

60-90 125 (27.4%)

<60 21 (4.6%)
Blood glucose 6.1:30
sBP 1286 = 19.1
DBP 776+ 118
MOV, f 9120+ 9.86

Anemia classification
Normocytic anemia 330 (72.21%)
Macrocytic anemia 72 (15.75%)
Microcytic anemia 55 (12.04%)

B (95%CI)

Ref
-0.57 (-1.58, 0.43)
-0.0 (-0.0, 0.0)
0.5(-0.5, 1.4)
5(-0.5, 1.4)
-0.7 (-1.8, 0.5)
-0.8 (-2.0,0.4)

Ref
0.6 (-0.4, 1.6)
1.9(-0.2,4.0
-0.0(-0.2,0.1)
-0.0 (-0.0, 0.0)
0(-0.0,0.0
0.04 (0.00, 0.09)

Ref
2.20 (0.99, 3.41)
0.34 (-1.01, 1.70)

p-value

0.2627
0.786
0.315
0.354
0.271
0.179

0.248
0.074
0.827
0.520
0.988
0.0485

0.0004
0.6195

Abbreviations: MELD, model for end stage liver disease; p estimated coefficient; 95% CI
95% confidence interval; SBP, systolic biood pressure; DBP, diastolic blood pressure;

MCV., mean corpuscular volume; fl,
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Patientno Disease  Overall average pH Average p value
PH at coughing

1 IPF 7.6083 + 0.2963 7.6992 + 0.1093 0.015
2 IPF 7.1698 + 0.4367 74450403122 0021
3 IPF 6.7369 + 0.3188 7.0700 + 0.1950 0.009
4 IPF 7.3443 + 0.2719 7.5490 + 0.1906 0.008
5 IPF 6.8064 + 0.4245 5.8867 + 0.3667 0.049

idiopathic pulmonary fibrosis.
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Score Daytime cough symptom score Night-time cough symptom score

0 10 cough during the day no cough during the night

1 cough for infrequent short periods short cough when faling asleep/infrequent nocturnal cough
2 frequent coughing, which did interfere with usual daytime actiities mildly interfere with nocturnal sleep due to coughs

3 frequent coughing, which did severely interfere with usual daytime activities severely interfere with noctural sieep due to coughs

Total cough symptom score = Daytime cough sympltom score + Night-tine cough eymplom score.





OPS/images/fphar-12-724286/fphar-12-724286-t003.jpg
Men/women (ratio)

Age (mean = SD), year

Smoker, n (%)

Disease duration (mean + SD).week
CRP (mg/L)

ESR (mm/h)

PaO; (mmHg)

PaCO, (mmHg)

Sa0, (%)

FVC (L)

FVC, % pred

DLCO, % pred

Chest HRCT score

Daytime cough symptom score
Nighttime cough symptom score
Total cough symptom score

IPF (n = 44)

40/4 (10:1)
62+8
33 (75.0)
28+ 21
75113
32+28
80.5+ 152
390438
95151
215+ 0.90
76.5+ 282
582+ 266
175476
1.26 + 045
0.65 +0.57
1.91 £ 090

Control (1 = 30)

14/16
61+9
5(16.7)

$55255%%83%%%

H

Control: healthy indivicuals. IPF = diopathic puimonary fibrosis, GRP = c-reactive protein,
ESR = erythrocyte sedimentation rate, PaOy = partial pressure of 0xygen, PacOj =
partial pressure of carbon dioxide, a0 = oxygen saturation, FVC = force vital capacity,
FVC % pred = force vital capaciy expressed as a percentage of predicted, D,CO % pred =
carbon monoxide difusing capacity of the lung expressed as a percentage of
predicted, NA = ot applicable, SD = standard deviation.
“Reprasent significant difference of the IPF group versus the contral group, b < 0.07.
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PH <65, n (%)

Entire pH monitoring duration

Control, n = 30 183
IPF, n = 44 5(11.4)
At upright position

Control, n = 30 183
IPF, n = 44 369
At supine position

Control, n = 30 133
IPF, n = 44 12 (27.3°

PH 6.5-7.5,n (%)

28(93.4)
27 (61.9)

28(93.4)
28 (63.6)

27 (90.0)
24 (54.5)

Control: healthy individuals. IPF = idiopathic pulmonary fibross.

pH > 7.5, (%)

183
12 (27.37

133
13 (29.6)*

267
8(18.2)

eoresent signiicant difference of the IPF group versus the contral group, p < 0.07.
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Patient no  Disease Ryan index score

At the upright position At the supine position®

1 IPF 65.33 217
2 IPF 1.5 217
3 IPF 59.82 217
4 IPF 11.91 2a7
5 IPF 32.15 247
6 IPF 175 217
7 IPF 2391 217

IPF = idliopathic puimonary fibrosis.
"When Ryan index score at the supine position was <6.79, the results from the
calculation by the software were presented as 2.17.
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Antibody

Collagen!
a-SMA

GRP78

ATF6

IRE1A

HSP90a

p-actin

AKT

p-AKT (Serd73)
p-AKT (Thi308)
Alexa Fluor 488

CAS No

AF7001
AbS5E94
Sc-376768
Sc-1666659
Sc-390960
AD59459
6008-1-ig
46855
40605
29655
A32723

Company

Affiity
Abcam
Santa cruz
Santa cruz
Santa cruz
Abcam
Proteintech
osT

csT

osT
ThermoFisher
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GRP78 siRNA-1

GRP78 siRNA-2

GRP78 siRNA-3

Negative control

GAGGCUUAUUUGGGAAAGATT (5 to 3)
UCUUUCCCAAAUAAGCCUCTT (5' to 3')

GGGCAAAGAUGUCAGGAAATT (5' to 3')
UUUCCUGACAUCUUUGCCCTT (&' to 3)

GAGGUGUCAUGACCAAACUTT (5' to 3')
AGUUUGGUCAUGACACCUCTT (5’ to 3')

UUCUCCGAACGUGUCACGUTT (5’ to 3')
ACGUGACACGUUCGGAGAATT (5’ to 3')
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Gene

a-SMA

AV

Col it
TGFAR |
TGF-4R Il
SMAD2
GAPDH

us
miR-130a-3p

Forward primer sequence

5'-CTA TGA AGG CTA TGC CCT GCC-3'
5'-TGT TAT GGA GGA AGC CGA GGT T-3'
5'-TGG AAA CTG GGG AAA CAT GC-3'
5'-AAA CTT GCT CTG TCC ACG G-3'
5'-GTA ATA GGA ATG CCC ATC CAC-3'
5'-AGA ATA TCG GAG GCA GAC AG-3'
5'-AGA AGG CTG GGG CTC ATT TG-3'
5'-GGA ACG ATA CAG AGA AGA TTA GC-3'
5'-CAG UGC AAU GUU AAA AGG GCA U-3'

Reverse primer sequence

§'-GCT TCT CCT TGA TGT CTC GCA C-3'
5'-CGA TGC AGG TAC AGT CCC AGA-3'
5'-GGA TTG CCG TAG CTA AAC TGA-3'
5'-AAT GGC TGG CTT TCC TTG-3"

5'-GAT TTC TGG TTG TCA CAG GTG-3'
5'-GTT ACA GCG AGT CTT TGA TGG-3'
5'-AGG GGC CAT CCA CAG TCT TC-3
5'-TGG AAC GCT TCA CGA ATT TGC G-3'
5'-GCC CUU UUA ACA UUG CAC UGU U-3'
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APACHE II: acute physiology and chronic health evaluation; BNP: brain natriuretic peptide; CRP: C-reactive protein; PaO,/FiO,: arterial partial pressure of oxygen/fraction of inspired
oxygen; IL-18: interleukin-18; LDH: lactic dehydrogenase; PCT: procacitonin.
The continuous variables are presented as the mean + standard deviation (SD) or mediians (interquartile ranges), and the categorical variables are presented as the numbers (percentages).
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Variables HR (95% CI) p value Adjusted HR (95% CI) p value
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Corticosteroid (nigh) 9,683 (3.584-26.159) 0,000 5.939 (1.925-18.322) 0.002

APACHE I: acute physiology and chronic health evaluation; C: confidence interval; HR: hazard ratio; IL-18: interleukin-18; N/L: the ratio of neutrophils/lymphocyte.
HR (95% Cl) represent univariable Cox regression analysis.
Adjusted HR (95% Cl) represent multivariate Cox regression analysis.
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ATGAGCAGGAGTATTGCCAAGG
GCTCATTGCTGGGTACTTACAA
GCTCTTACTGACTGGCATGAG
CGCAGCTCTAGGAGCATGTG
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CTCCCGTGGCTTCTAGTGC

Reverse sequence
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DPPH assay  Fenton reaction ABTS assay

BBJ (g/100 mi) 46.69 £ 0.33 724033 401011
Vitamin C (mg/100 ml) 1721 £ 065 20.58 + 0.69 658.29 + 3.06

To verify the antioxidant abilty of BBJ, Fenton reaction, DPPH, and ABTS assays were
applied. Vitamin C was set as the positive control. Half maximalinhibitory concentrations
were calculated in Excel. Results were shown as mean = SD from replicate
determinations.
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Standard curve R? Standard Content (ug/g)

Total phenols Y =0.0022 x x - 0.0082 0.9953 chlorogenic acid 1,219.15 £ 76.26
Total flavonoids Y =0.0010 x x + 0.0035 0.9983 rutin 603.89 +29.21

Total phenol content was determined by Folin reagent, using chiorogenic acid as standard; total flavonoids in BB were detected by NaNO2-AINO3)s-NaOH colorimetric methods with
rutin. Results were shown as mean + SD from replicate determinations.
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0(0%)
1(0.56%)
1 (0.56%)

0(0%)

0(0%)

0(0%)

0(0%)
1(0.56%)

[

0
2(1.12%)
3(1.69%)

0

Domperidone group (N = 178)

Time

31

0440004 as000=>

n (%)

25 (14.04%)
4(2.25%)
1(0.56%)

0(0%)
1(0.56%)
0(0%)
0(0%)
1(0.56%)
1(0.56%)
1(056%)
1(0.56%)
0(0%)
0
0
1(0.56%)
1(056%)
0
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Primary outcome
Response rate (Week 2)

FAS
PPS

Secondary outcomes
Week 1
Response rate
Significant response rate
Symptoms disappear rate
Week 2
Significant response rate
Symptoms disappear rate
Week 4
Response rate
Significant response rate
Symptoms disappear rate

NI- Non-infarior.

SXOL group

Domperidone group

Difference

164
142

164
164
164

164
164

164
164
164

n (%, 95% Cl)

136 (82.93, 76.28-88.35)
118 (83.10, 75.90-88.86)

102 (62.20, 54.30-69.64)
27 (16.46, 11.14-23.04)
7 (4.27%, 1.73-8.60)
75 (45.73, 37.94-53.68)
24 (14,63, 9.61-20.99)
140 (85.37, 79.01-90.39)
92 (56.10, 48.15-63.82)
52 (31.71, 24.67-39.42)

169
168

169
169
169
169
169
169

169
169

n (%, 95% Cl)

137 (81.07, 74.33-86.67)
128 (81.01, 74.02-86.81)

106 (62.72, 54.96-70.03)
41 (24.26, 18.01-31.44)
10 (5.92%, 287-10.61)
77 (45.56, 37.90-53.39)
29 (17.16, 11.80-23.71)
148 (87.57, 8163-92.14)
99 (58.58, 50.76-66.09)
52 (30.77, 23.91-38.32)

(%; 95% CI)

.86; -6.45-10.11"
2.09; -6.74-1071 ™

10.83-9.77
; —16.33-0.89
-1.65; -6.77-3.40
0.17; -10.41-10.75
-2.53; ~10.40-5.41
-2.21; -9.69-5.21
-2.48; -12.96-8.06
0.94; -8.94-10.82

p Value
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Age (years old), mean = SD
Female, (%)
BMI (kg/m?), mean + SD
Rome IV diagnosis of FD
PDS
EPS
PDS and EPS
Disease duration (weeks), mean + SD
Drug use 3 months before visit, N (%)
Symptom total score, mean = SD
individual symptom score, mean « SD
Postprandial fullness—severity
Postprandial fullness—frequency
Early satiation—severity
Early satiation—frequency
Epigastric pain—severity
Epigastric pain—frequency
Loss of appetite—severity
Reduced food intake—severity
Nausea or vomiting—severity
Belohing—frequency
Defecation—frequency

PDS: postprandial distress syndrome; EPS:

Total (n = 333)

6.78 £ 254
132 (30.64%)
16.22 + 2.09

122 (36.64%)
52 (15.62%)
159 (47.75%)

43.92 + 51.59

87 (26.13%)
951 +394
0.710.71
0.87 +0.95
119+ 091
1.24£095
091+0.79
1.14 £ 1.00
1.00 + 0.67
1.20 £ 0.85
0.41 4062
0.38 +0.64
047 +0.55

- epigastric pain syndrome.

SXOL group (1 = 164)

6.63 + 2.52
62 (37.80%)
15.29 + 2.39
64 (39.02%)
22 (13.41%)
78 (47.56%)
45.66 + 58.00
39 (23.78%)
974 +3.96
0.74 £ 0.71
096 +0.99
1.21 £ 090
1.29 £ 0.96
090 =+ 0.81
113+ 1.01
1.05 = 0.63
121083
0.44 + 0,67
035 + 0.60
047 +0.55

Domperidone
group (n = 169)

692+ 256
70 (41.42%)
15.16 + 1.76

58 (34.32%)
30 (17.75%)
81 (47.93%)
42.24 + 44,61
48 (28.40%)
9.29 + 391
069 +0.72
0.80 + 091
117 £ 093
119 £ 094
091+0.78
1.15 £ 0.99
095 +0.70
1.18 £ 0.88
0.37 + 057
0.40 + 0.67
0.48 + 0.56

p Value

0.290
0.500
0595
0472

0548
0.337
0.300

0.461
0.144
0677
0349
0919
0814
0.189
0798
0331
0539
0.872
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Gene

ICAM1
L6

FOS
NFKBIA
SELE
MCL1
PCNA
CCNB1
COL3A1
MYC
COL1A2
IRF1

Full name

Intercellular Adhesion Molecule 1
Interleukin 6

Fos Proto-Oncogene

Nuclear factor Kappa B inhibitor alpha

Selectin E

Myeloid cel leukenia 1 protein

Prolferating Cell Nuclear Antigen

cyclin BY

Collagen Type Ill Aipha 1 Chain

MYC proto-oncogene, bHLH transcription factor
Collagen Type | Alpha 2 Chain

Interferon Regulatory Factor 1
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Gene Forward (53 Reverse (5'—3)

TNF-a TAG CCA GGA GGG AGA ACA GA CCA GTG AGT GAA AGG GAC AGA
p-actin TGA CGA GGC CCA GAG CAA GA ATG GGC ACA GTG TGG GTG AC





OPS/images/fphar-13-805432/fphar-13-805432-t002.jpg
Compounds (marker)

Sahvianolic acid B (from Dansher)
Sodium Danshensu (from Danshen)
Adenosine (from Chongcao)
Schisandrin B (from Wuweizi)

Quality criterion

Should be no less than 15.6 mg in 24 g of FZHY raw materials (daly dose)
Should be no less than 13.2 mg in 24 g of FZHY raw materials (daly dose)
Should be no less than 4.8 mg in 24 g of FZHY raw materials (daiy dose)

Should be no less than 2.28 mg in 24 g of FZHY raw materials (daly dose)
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Chinese name

Danshen
Chongcao
Taoren
Jizogulan
Songhuafen
Wuweizi

Plant sources

Salvia Miiorrhizae Bge (Labiatae)
artificial fermentation cordyceps
Prunus persica (L) Batsch (Rosaceae)
Gynostemma pentaphylum (Thunb)
Pinus massoniana Lamb (Pinaceae)
Schisandrae Chinensis (Turcz.)Bail

Medicinal parts

radix
mycelia
fruit

whole herb
pollen

fruit

Preparation amount (g)

PR ON A
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CHIT1 YKL-40

AUC 0.806 0.788

95% Cl 0.6231-0.9056 0.6118-0.8897
p-value 0.00001 0.00001
Cut-off value 5.67 nmol/mi/h 40.90 ng/ml
Sensitivity 75.00% 68.00%
Specificity 75.00% 80.00%
PPV 78.26% 80.95%
NPV 71.43% 66.67%

CHIT1, chitotriosidase; YKL-40, chitinase 3-like-1; AUC, area under the curve; Cl,
confidence interval: PPV, positive predictive value; NPV, negative predictive value.
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Controls IPF
Number of subjects 20 25
Sex (male/female) 10/10 14/11
Age (years), mean (SD) 68.40 (6.11) 68.53 (8.03)
Smoking history (pack-years), median (IQR) 2.55 (0-36.13) 20.00 (0-30)
Smoking status

- never smokers, n (%) 9 (45.00%) 7 (28.00%)

- ex-smokers, n (%) 3 (15.00%) 17 (68.00%)

- current smokers, n (%) 8 (40.00%) 1 (4.00%)
CPI score, mean (SD) N/A 69.64 (7.17)
Time since diagnosis (years), median (IQR) N/A 1.58 (0.59-3.65)
FVC (), mean (SD) 3.88 (1.21) 2.58 (0.85)™**
FVC (% of predicted), mean (SD) 111.30 (20.73) 73.35 (19.11)**
Tico (mmol/min/kPa), mean (SD) N/A 3.91(1.12)
Tico (% of predicted), mean (SD) N/A 52.50 (13.22)
6MWT (meters), mean (SD) N/A 388.00 (102.10)

***p < 0.001; ***'p < 0.0001.

IPF, idiopathic pulmonary fibrosis; CPI, composite physiologic index; FVC, forced vital capacity; T, co, transfer factor of the lung for carbon monoxide; 6MWT, six-minute walk test.
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IncRNAs

IncRNA NEAT1

IncRNA
SNHG7
INcRNA H19
INcRNA
GmE091
IncRNA TUGH
incRNA-p21

IncRNA ATB

miRNA
miR-122/miR-506/miR-
129-5p
miR-29b/miR-378a-3p

miR-148a
miR-27b/230/24

miR-29b
miR-181b/miR-17-5p

miR-200a

Mechanism of interaction

IncRNA NEAT1 act as sponge of miR-122/miR-506/
miR-129-5p

IncRNA SNHG7 act as sponge of miR-29b/miR-
378a-3p

IncRNA H19 act as sponge of miR-148a

IncRNA Gm5091 act as sponge of miR-27b/23b/24

IncRNA TUGH act as sponge of miR-29b

IncRNA lincRNA-p21 act as sponge of miR-181b/miR-
17-5p

IncRNA ATB act as sponge of miR-200a

Targets

KLF6/GLI3/
Socs2
DNMT3A/DVL2

usP4

PTEN/p-catenin

p-catenin

References

Yu et al. (2017b); Jin et al. (2019); Ye et al.
(2020)
32803175 Yu et al. (2019); X et al. (2021)

Zhu et al. (2019)
Zhou et al. (2018)

Han et al. (2018)
Yu et al. (2016); Yu et al. (2017a)

Fuetal. (2017)
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Baseline 6 months 12 months 18 months 24 months

FVC (), mean (SD) 2,58 (0.85) 2.61(0.79) 2.52 (0.83) 2.53 (0.82) 2.51 (0.80)
FVC% pred., mean (SD) 73.35 (19.11) 73.82 (18.00) 7255 (19.03) 72.97 (20.35) 72.84 (19.23)
TLco (mmol/min/kPa), 3.91(1.12) 3.73 (1.19) 3.25 (12588 3.16 (1.29)AAAN** 3.28 (1.20)"**
mean (SD)

TLco% pred., mean (SD) 52.50 (13.22) 50.73 (15.24) 43.62 (15.82)44188 4591 (21.12) 49.13 (20.94)
BMWT (meters), mean (SD) 388.00 (102.10) 405.10 (102.2) 367.60 (128.3) 372.40 (103.6) 339.40 (114.4)*
CHIT1 (nmol/mi/h), 6.97 (5.54-8.54) 7.38 (4.78-9.07) 6.90 (5.99-8.83) 6.78 (5.47-7.50) 7.09 (5.48-8.43)
median (IQR)

YKL-40 (ng/mi), 65.20 (27.25-119.60) 56.70 (27.35-114.20) 53.20 (27.95-122.50) 79.80 (32.75-119.80) 54.70 (32.75-169.50)
median (IQR)

Baseline vs 12 months, #*p < 0.001, #*p < 0.0001; Baseline vs 18 months, MMp < 0.0001; Baseline vs 24 months, ***p < 0.001; 6 vs 12 months, $p < 0.01; 6 vs 18 months, **'p <
0.001; 6 vs 24 months, “p < 0.05.

IPF, idiopathic pulmonary fibrosis; PFTs, pulmonary function tests; FVC, forced vital capacity; T, co, transfer factor of the lung for carbon monoxide; 6MWT, six-minute walk test; CHIT1,
chitotriosidase: YKL-40, chitinase 3-like-1.
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Model type Compounds VIP Correlation coefficient
Tumor volume-ANL (3 mg/kg) PGB3 1.56893 -0.546
PGE2 1.52857 -0.601
Tumor volume-ANL (6 mg/kg) 19,20-EpDPA 1.39511 0.857
PGB3 1.35468 -0.612
5,6-DIHETrE 1.3272 0.615
14-HDHA 1.15085 0.505
PGD2 1.91087 -0.711
DHA 1.57149 0.735
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Treatment Tumor volume (mm?) T/S (%) TGI (%)

P value®
Pre-drug (D7) Post-drug (D17)
Saline 99 +3 2658 + 361 - - —
ANL (3 mg/kg) 99+ 5 1630 + 234 61% 39% 0.018
ANL (6 mg/kg) 98 +4 1250 + 255 48% 52% 0.002

T/S: ratio of treatment/saline; Tumor cell growth inhibition rate (TGI): 1 -T/C; a compared with saline group.
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Compound name

Gallc acid
Chlorogenic acid
Rutin

Quercetin
Luteolin
Arctigenin
Kaempferol

CAs

149-91-7
327-97-9
153-18-4
117-39-5
491-70-3
7770-78-7
520-18-3

Molecular formula

C7HgOs
CieHia00
CarHaoO16
CisHi007
CisHi00s
C21H240s
CisHi00s

miz

169.0132
353.0854
609.1447
301.0337
285.0381
395.1475
285.0381

Retention time

2.74

6.05

12.79
14.54
14.92
15.03
15.54
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Gene name

TGFB1
TNF
SLCBA4
SCNSA
RELA
PTGS2
PTGS1
PRSS1
PRKACA
PPARG
NOS2
MAPK14
KDR
JUN
IFNG
HSPY0AA1
F2
CYP1A1
CHRM3
CDKN3
CCL5
CASP8
CASP3
BCL2
ADRB2
CCL2
TP53
PRKCD
NR3C2
MMP1
L6

FN1

F10
CXCL8
CDKN1A
CCND1
AKT1

Number

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
ral
72
73
74

Gene name

CDK4
ALOX5
VCAM1
STAT3
STAT1
SOD1
SLPI
SELE
RB1
PSMD3
PPARA
MT-ND6
MAPK8
MAPK3
MAPK10
MAPK1
INSR

L4
ICAM1
HMOX1
HMGCR
GSTM1
GSR
CYP3A4
CYP1B1
APOB
ADIPOQ
ABCC1
PTEN
CDKN2A
TYR
TOP1
THBD
SPP1
SERPINE1
RAF1
PLAU

Number

75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
1m

Gene name

PLAT
PARP1
NOS3
NFKBIA
NFE2L2
MYC
MPO
MMP9
MMP3
MMP2
MET
MDM2
IRF1

2
LB
IL1A
IL10
IGFBP3
IGF2
HIF1A
GJA1
FOS

F3
ERBB2
EGFR
CXCL2
CXCL10
CRP
CD40LG
CAV1
BCL2L1
ALB
CTNNB1
MUC1
NR3C1
INS
FASLG
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Factor

Patient comorbidities
Hypertension
Thyroid disorder
Malignancy
PAH
Smoking
BMI

BGA
pH
pCO,

e

eMWT

Distance (m)

SpO; baseline

SpO, post-exercise
Pulse baseline

Puise post-exercise
Borg scale baseline
Borg scale post-exercise
HRCT pattem

Autoantibodies
ANA
RF
ACPA
Anti-PCNA
Anti-cytoplasmatic
Anti-chromatin
Anti-Jo-1
Anti-SS-A
Anti-SS-B
Anti-SCL-70
Anti-RNP N
ANCA

HR

127
11.90
8.17
1.62
1.1
0.92
21.82
0.10
0.93
0.99
1.69
0.87
0.98
114
072
0.64
1.20
0.13
3.27
1.55
0.00
5.36
0.47
6.13
18.11
223
0.97
2.08
0.00

95% CI

0.34 10 4.68
0.77 to 182.80
1.31 to 50.81
0.34 to 6.84
0.26 to 4.70
0.80 to 1.05
0.00
0.83 to 1.20
0.80 to 1.09
0.98 to 1.01
0.79 to 3.60
0.61to 1.26
0.87 to 1.11
1.00to0 1.29
0.12 to 4.37
0.22t0 1.84
0.58 to 2.48
0.02 to 0.92
0.23 to 45.95
0.13 to0 18.23
0.00
0.60 to 48.12
0.08 to 2.83
0.08 to 482.05
1.71 10 100.45
0.02 to 279.51
0.07 to 12.94
0.16 to 27.61
0.00

p-value

0.721
0.076
0.024
0.584
0.891
0.21

0.936
0.990
0.366

0.309
0.173
0.474
0.783
0.043
0.722
0.403
0.632

0.041
0.380
0.730
0.992
0.134
0.411
0.416
0.013
0.745
0.980
0.579
0.997

HR, hazard ratio; C, confidence interval; PAH, pulmonary arterial hypertension; BMI,
body mass index; BGA, blood gas analysis; GMIVT, 6-min walk test; HRTC, high-
resolution computed tomography; ANA, anti-nuclear antibodlies; RF, rheumatoid factor;
ACPA, anti-cycli citrulinated peptide antibodies; APCNA, anti-proliferating cell nuclear
antigen; ANCA, anti-neutrophil cytoplasmic antibodies.

Statistically significant values were highlighted with bold i the tables.
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MOL ID

MOL000523

MOL000098

MOL000006

MOL000415

MOL000513

MOL000422

Mol name

Avctigenin
Quercetin
Luteoiin

Rutin

Gallic acid

Kaempferol

CAs

7770~
78-7
17-
39-5
491-
70-3
153-
18-4

149-
917
520-
183

Smile

COC1 = G(C=C(C=C1)CC2COC(=0)C2CC3 =
CC(=C(C=C3/0)0C)0C
C1 = CO(=C(C=C1C2 = C(C(=0)C3 =
G(C=0(C=C302)0)0)0)0)0
C1 = CO(=C(C=C1C2 = CC(=0)C3 =
C(C=C(C=C302)0)0)0)0
CC1C(C(CIC(01)0CC2C(C(C(C(02)0C3 =
C(0C4 = CG(=CC(=C4C3 = 0)0)0)C5 =
CO(=C(C=C5)0/00)0)0j0/0)0
C1 = C(C=C(G(=C10)0)0)C (0)0

C1 = CC(=CC = C1C2 = C(C(=0)C3 =
C(C=C(C=C302)0)0)0)0

Formula

C21H2406
CisH1007
CisHi00s

CorHa0016

C7HeOs

CisHi00s

Lipinski

Yes
Yes
Yes

No

Yes

Yes

Solubility

Moderately
soluble
Soluble
Soluble

Soluble

Very soluble

Soluble

Bioavailability

055

055

055

017

0.56

055

Gl
absorption

High
High
High

Low

High

High

(Continued on following page)
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Autoantibodies

ANA, 1 (%)
RF. n (%)

ACPA, 1 (%)
Anti-RNA-polymerase, n (%)
Anti-centromere, n (%)
ANti-PCNA, 1 (%)

Anti-Ku, n (%)
Anti-P-ribosormal, 1 (%)
Anti-cytoplasmatic, 1 (%)
Anti-cytoskeleton, 1 (%)
Anti-chromatin, 1 (%)
Anti-Smith, n (%)
Anti-myeloperoxidase, n (%)
Anti-proteinase-3, 1 (%)
Anti-Jo-1, n (%)

ANti-SS-A, n (%)

ANti-SS-B, n (%)
ANti-SCL-70, 1 (%)
ANti-RNP, 1 (%)

ANCA, n (%)

Al patients (n = 107)

71 (66.36)
22 (20.56)
10 (9.35)
0
1(093)
2(1.87)
0
0
27 (25.28)
0
32 (29.90)
4379
2(1.87)
1099
3(2.80)
18 (16.82)
5(4.67)
17 (15.88)
10 (0.34)
8(7.48)

CTD-ILD (n = 63)

43 (68.25)
11 (17.46)
5(7.94)
0
1(1.59)
1(1.59)
0
0
17 (26.98)
0
19 (30.16)
2(3.17)
2(3.17)
1(1.59)
2(3.147)
12 (19.08)
3 (4.76)
17 (26.98)
8(12.70)
4(6.35)

IPAF (n = 44)

28 (63.64)
11 25.00)
5(11.36)
0
0
1@27)
0
0
10 22.73)
0
13 29.55)
2(4.55)
0
0
1@27)
6 (1364)
2 (4.56)
0
2(4.55)
4(0.09)

p-value

0.330
0.466
0.738

1.000
0
0
0.658
0
1.000
1.000

1.000
0.602
1.000
0.192
0714

CTD-ILD, connective fissue disease-associated interstitial lung disease; IPAF, interstitial pneumonia with autoimmune features; ANA, anti-nuclear antbodies; RF, teumatoid factor;
ACPA, anti-cycic citrulinated pepiide antibodies: APCNA, anti-prolferating cell nuclear antigen: ANCA, anti-neutrophil cyfoplasmic anfibodies.
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HRCT pattern Al patients (n = 107) CTD-ILD (n = 63) IPAF (n = 44) p-value

PUIP, n (%) 27 (25.29) 8 (12.70) 19 (43.18) 0.001
UIP, n (%) 20 (18.69) 10 (15.87) 10 (22.73) 0370
NSIP, n (%) 46 (42.99) 38 (60.32) 8(18.18) <0.001

HRTC, high-resolution computed tomography; CTD-ILD, connective tissue disease-associated interstital lung disease; IPAF, interstitial pneumonia with autoimmune features; pUIP,
probable usual interstital preumonia; UIP, usual interstitial pneumonia; NSIP, non-specific interstital pneumonia.
Statistically signiicant values were highfighted with bold in the tables.
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Parameters

Lung function
FEVI/FVC
AC (L)

FVC (%)
FEVI ()
FEV1 (%)
TCc L

TLC (%)

Diffusion parameters
DLCO (mmol/min/kPa)
DLCO (%)

KLCO (mmolmin/kParl)
KLCO (%)

BGA
pH
pCO2
pO2

BMWT
Distance (m)

SpO; baseline

SpO; post-exercise
Puise baseline

Puise post-exercise
Borg scale baseline
Borg scale post-exercise

All patients (n = 107)

0.84 + 0.08
250 + 0.86
84.41 £ 23.86
208 +0.72
85.64 + 24.67
431+ 143
80.64 + 24.82
552 +1.87
70.92 + 20.88
1.26 £+ 0.38
66.19 + 18.54
7.42 +0.04
40.10 £ 11.13
66.69 + 11.82
400.73 + 108.15
9451 + 4.15
90.12 + 8.97
84.05 + 14.50
106.71 + 19.83
201 +11.46
4.05 + 11.05

CTD-ILD (n = 63)

0.84 + 0.06
2.49 + 0.89
85.51 + 2693
209 +0.73
86.82 + 26.26
439 +154
83.86 + 26.54
555+ 1.84
70.53 + 20.07
1.27 £0.37
65.25 + 18.12
7.43 £ 0.06
41.13 £ 11.87
65.63 + 13.85
403.45 + 120.96
95.00 + 3.35
90.69 + 6.74
84.75 + 12.88
109.84 + 19.56
3.23 + 1642
5.33 + 14.86

IPAF (1 = 44)

082 +0.10
252 +0.83
82.82 + 18.72
207 £ 071
83.93 + 22.36
4191126
7613 £21.73
547 +1.94
71.48 £ 22.21
124 £ 0.39
67.50 + 19.26
742 +0.02
3886 + 10.19
67.96 + 8.80
397.61 + 93.02
9391 + 4.94
89.47 + 11.06
8324 + 16.37
103.21 + 19.82
055+ 1.25
256 +2.15

p-value

0.287
0.951
0577
0.819
0.562
0.683
0.133

0.899
0.823
0.943
0551

0.204
0.859
0.859

0.822
0.490
0.223
0.658
0.158
0.253
0.223

CTD-ILD, conneciive tissue disease-associated interstitallung disease; IPAF, interstitial pneurnonia with autoimmune features; FVC, forced vital capacity; FEV1, forced expiratory volume
in 1s; TLC, total lung capacity; DLCO, diffusing capacity for carbon monoxide; KLCO, transfer coefiicient of the lung for carbon monoxide; BGA, blood gas analysis; GMWT, 6-min walk

tast
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Parameters Al patients (n = 107) CTD-ILD (n = 63) IPAF (n = 44) p-value

Age (years) 63.78 + 13.88 59.73 + 14.08 69.57 + 11.45 <0.001
Sex (male/female), n 3275 13:50 19:25 0018
Ever smoker, (%) 44 (41.12) 22 (34.92) 22 (500) 0.162
Non-smoker, n (%) 63 (56.67) 41 (65.08) 22 (500)
BMI (kg/m?) 25,60 +6.22 2587 + 483 2527 +7.10 0.604
Symptoms, n (%) - - = =
Dyspnea 74 (69.16) 37 (58.79) 37 (84.09) 0.006
Cough 63 (68.57) 34 (5397) 29 (65.91) 0237
Dry cough 38 (35.51) 19.(30.16) 19 43.18) 0218
Sputum 25 (23.36) 15 (23.81) 10 22.73) 1.000
Chest pain 20 (18.69) 10 (15.87) 10 22.73) 0.452
Joint pain 57 (53.27) 36 (57.14) 21 (4779 0.431
Clubbing 12(11.21) 4(6.35) 8(18.18) 0.068
Weight loss 16 (14.95) 3(4.76) 13 (29.55) 0.001
Crackles 63 (68.88) 31 (49.21) 32 (72.78) 0017
Raynaud's phenomenon 32 (29.91) 27 (42.86) 5(11.36) <0.001
CTD subtype, n (%) - - - -
RA - 13 (20.63) - -
ssc - 32 (50.79) - -
SLE - 6(9.52) - -
Vascultis - 2(3.17) - -
DM/PM - 4(6.35) - -
Others (MCTD and UCTD) - 6(9.52) S -

CTD-ILD, connective tissue disease-associated interstital lung disease; IPAF, interstitial pneumonia with autoimmune features; BMI, body mass index; RA, rheumatoid arthits; SSc,
systemic sclerosis; SLE, systemic lupus erythematosus; PM/DM, polymyositis/dermatomyositis; MCTD, mixed connective tissue disease; UCTD, undifferentiated connective tissue
disease.

Statistically signiicant values were highlohted with boid in the tabios.
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Agent

Etiological
treatment

Glucocorticoids

Curcumin

YCHD

XCHT
Baicalein

FFBJ

GW570
Obeticholic acid

Pioglitazone
Nilotinio

Sorafenib

B
aminopropionitrile
cve

TG101348
E5564

P13

CRX526

vitamin E
losartan/
candesartan
RNA interference

MIRNAs

MSC

Anti-fibrotic target

Etiology

HSC lymphocytes

Inflammation cell and
inflammation response

TGF-g and RAS system

Nrf2
PDGF receptors

HSC

HSC

ECM
Cytokines

TLR4

ROS
AT1 receptor

target genes
mRNAS

Inflammation
HSC

MMPs/TIMP-1

Mechanism

Removal of causative factors

Reducing the transmission of transforming growth factors
Weakening the activity of hepatic stellate cells

Inhibiting the proliiferation of lymphocytes
Anti-inflammatory and antioxidant effects

Blocking the epithelial-mesenchymal transition of
hepatocytes

Inhibiting the activation of Kuffer cells

Inhibiting NF-xB upregulation and reducing sinusoidal
angiogenesis

Reduction of RAS pathway components and down-
regulation of TGF expression

Inhibition of hepatic stellate cell activation

Inhibit the activation and value-added of hepatic stellate
cells by down-regulating PDGF receptors

Inhibition of hepatic stellate cell proliferation and
activation, as well as limiting the expression of TGF-p1 and
PDGF

A PPARy receptor agonism, simulating PPARy mediated
gene transcription

An FXR agonist, FXR expressed in hepatic stellate cells
has an anti-fibrotic effect

A PPARy receptor agonism

Inhibition of TK, TK activation transforms HSC into an
activated state

Inhibits LOX, LOX-mediated cross-linking of collagen
limits MMP degradation of ECM

Dual antagonist of the CCR type 2 and 5

JAK2 receptor antagonist

Inhibitors of TLR4

Antioxidant effects
Angiotensin i may exertts pro-fbrotic effects, Blocking or
attenuating the role of Angiotensin .

Downregulation of genes of critical cytokines in activated
HSCs

Trigger the degradation of target MRNAS about iver
fibrosis

Modulation of the hepatic immune response

Secretion of trophic cytokines to reduce hepatocyte
apoptosis

Antioxidant effects

Inhibition of HSC appreciation

Increased expression of MMPs

Reduced expression of TIMP-1

Refs.

(Powell and Kiatskin, 1968; Marcelini et al., 2005; Takahashi
et al., 2014; Rockey, 2016; Lens et al, 2017; Tada et al.,
2018; Bardou-Jacquet et al, 2020; Ye et al, 2020)
(Bolkenius et al., 2004; Czaja, 2014)

(Zhang et al., 2014; Zhao et al., 2018; Kong et al., 2020)

Wu et al. (2015)

Lietal. (2017)
Sun et al. (2010)

Yang et al. (2016)

Yang et al. (2010)
Mudaliar et al. (2013)

Musso et al. (2017)
(Ma et al., 2017) (Shaker et al,, 2013)
Georges et al. (2007)
Friedman et al. (2018)
Akcora et al. (2019)

(Fort et al., 2005; Kitazawa et al., 2009; Takashima et al.,
2009)

(Sanyal et al., 2010; Bril et al., 2019; Miyazawa et al., 2019)
(Colmenero et al., 2009; Kim et al., 2012)

(Chen et al., 2008; Cong et al., 2013; Zhou and Yang, 2014;
Jiménez Calvente et al., 2015)
(Chen et al,, 2018; Wang et al., 2019)

(Eom et al., 2015)

Abbreviations: PPAR, proliferator-activated receptor; HSCs, Hepatic stellate cells; FXR, farnesoid X receptor; ECM, extracellular matrix; ROS, reactive oxygen species; TK, Tyrosine kinase;
JAK, Janus kinase; TLR, Toll-lke receptor; P13, a peptide called P13; YCHD, Yinchenhao Decoction; XCHT, Xiaochaihutang; FFBJ, Fufang Biejia Ruangan Tablets; MSC, Mesenchymal
stem cell: PDGF, platelet growth factor RAS, renin-angiotensin system.
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Author (year)

Ge etal. (2013)

Park et al.
(2019)

Hegab et al.
(2021)

Naura et al.
(2009)

Yuetdl. (2013)

Han et al.
(2021)

Vedova et al.
(2019)

Chu et al.
(2019)

Baack et al.
(2016)

Song et al
(2015)

Study model

SDMFD feeding of C57BL/6 mice for 12 weeks (60% kcal from fat),
followed by challenge with cockroach allergen.

SDMFD feeding of C57BL/6 mice for 12 weeks (60% kcal from fat).

SD/FD feeding (60% kcal from fat) for 4 weeks, followed by bleomycin
challenge and examine after 3, 6, and 9 weeks.

SD/HFD feeding for 12 weeks (42% kcal from fat) in ApoE—/- mice; direct
intratracheal TNF-a (100 ng/mouse) administration in ApoE~/~ mice for 6
and 24,

HFD (Lieber-DeCarii liquid diet) feeding of male Sprague-Dawiey (SD) rats
for 8 weeks

SD/HFD feeding of C57BL/6 mice for 12 weeks (60% kcal from fat)

SD/HFD (22% chicken fat) and with or without 10% fructose for 16 weeks.

SD/HFD feeding of CG57BL/6 mice (42% keal from fat) for 2 weeks followed
by bleomycin challenge (1.2 mg/kg) via oral aspiration. Lung tissues
examined at 3, 7, and 21 days after bleomycin

Female SD rats fed HFD (40% kcal from fat) 4 weeks before mating,
offspring examined at 3 weeks of age.

Female SDrats were fed a SD/HFD for 8 weeks, then bred with normal male
rats, maintained on SD/HFD during pregnancy and lactation.

Note: AHR, airway hypermeaciivity: BAL, bronchoalveolsr lavage: SD, standard diet: HFD, high-fat diet.

Main findings associated
with HFD

Elevated lung TGF-p, PAI-1 expression, lung collagen expression, and
decreased lung function. Infitrated immune cels, epithelial, and endotheli!
cells were found as a major source of TGF-B expression.

Increased insulin resistance, AHR, peribranchial and perivascular fibrosis,
and macrophages in the BAL; insulin stimulates TGF-B1 expression in
bronchial epithelial cells in vivo and in vitro; Anti-TGF-B1 antibody attenuated
HFD-induced lung fibrosis.

No significant differences in inflammation and fibrosis severity between SD
and HFD-fed fies after 3 weeks; HFD-induced a delay in alveolar repair and
fibrosis resolution at 6 weeks following bleomycin treatment.

Elevated TNF-a, IFN-y, and MIP-1a and increased tissue distribution of TGF-
B, recruitment of monocytes and macrophages, subepithelia, and peri-
vascular collagen deposition and thickening i lungs of ApoE—/- mice. TNF-a
induced proinflammatory cytokines similar as that of HFD and induced MCP-
1, TGF-B1, IL-1B, and collagen type 1 expression.

Increased TGF-B expression in lung tissues and deposition of collagen fibers
at alveolar septa in HFD group.

Increased BAL cell numbers; elevated lung TGF-p; increased colagen
deposition, hydroxyproiine content, and fibrosis; and decreased serum 25-
hydroxyl vitamin D in mice received HFD.

HFD plus fructose additively enhanced pumonary inflammation, oxidative
stress, and pro-fibrotic changes.

HFD for 5 weeks did not induce hydroxyproline in the lung, however, it
significantly enhanced bleomycin-increased hydroxyproline content, mRNA
levels of colagen 1 and fibronectin at 21 days. HFD induced apoptosis and a
prolonged ER stress after bleomycin.

No difference in lung fibrosis in offspring at 3 weeks of age; increased
perinatal mortality and decreased pulmonary vessels in maternal HFD-
exposed offspring.

Matemnal HFD exposed offspring showed significantly increased puimonary
inflammatory infitration, collagen deposition, and increased TGF-p and a-
smooth muscle actin expression in the lung.
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Genes

SREBP1
FASN
SCD1
ACLY
Cpt2
PPARa
ACOX1
fabp
L18
Lia
TNF-a
NLRP3
IL1p
GAPDH

Sense (5’ to 3)

CTTGTGCAGTGCCAGCC
AAAGTCCTTGTCCAGGTACG
TGAGGCGAGCAACTGACTAT
TTGTGGACATGCTCAGGAAC
AGTATCTGCAGCACAGCATC
AGGCTGTAAGGGCTTCTTTC
CGTGCAGCCAGATTGGTAG
AAGTGTCCGCAATGAGTTC
TGACTGTAGAGATAATGCAC
CAGTGAAATTTGACATGGGTG
GAGCACTGAAAGCATGATCC
GCCTACAGTTGGGTGAAATG
TCTTTGAAGAAGAGCCCATCC
ACCACAGTCCATGCCATCAC

Antisense (3’ to 5)

GCCCAATACGGCCAAATCC
AGGTCTTGGAGATGGCAGAA
GGCACCGTCTTCACCTTCT
AAGGTAGTGCCCAATGAAGC
ACTTCTGTCTTCCTGAACTGG
ATTGTGTACATCCCGACAG
CGCCACTTCCTTGCTCTTC
CTTGACGACTGCCTTGACTT
ATCATGTCCTGGGACACTTC
CAGGCATCTCCTTCAGCAG
GAGGGTTTGCTACAACATGG
GTCAGCTCAGGCTTTTCTTC
CTAATGGGAACGTCACACAC
TCCACCACCCTGTTGCTGTA
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Primer pair

F:5'-GCGCTAGCATGGCGGATGGCCCCAGG -3'
F:5'-GCAGCAACGGGACCATTCT -3'

F:5'- AACATCGAGTGTCGAATATGTGG -3'

F:5'- GGAGGTGGTGATAGCCGGTAT -3

F:5'- TAACTTCCTCACTCGAAGCCA -3'
F:5'-GCCAACACAGTGCTGTCTGG-3"

:5"-GCGCGGCCGCTTAGGCTTCATTTGTCTTTTCTTCAG-3’
'- CCCCATGACTAAGTCCTTCAACT -3'

R:5'- CCGAATAGTTCGCCGAAAGAA -3'
- TGGGTAATCCATAGAGCCCAG -3'
5'- AGTTCCATGACCCATCTCTGTC
:5"-CTCAGGAGGAGCAATGATCTTG-3"
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Name

ACTA2
COL1A1
Smad3
TGF-p1

GAPDH

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Sequence (5’ 3')

TCAGCGCCTCCAGTTCCT
AAAAAAAACCACGAGTAACAAATCAA
ACGTCCTGGTGAAGTTGGTC
CAGGGAAGCCTCTTTCTCCT
AGGGGCTCCCTCACGTTATC
CATGGCCCGTAATTCATGGTG
AGACCACATCAGCATTGAGTG
GGTGGCAACGAATGTAGCTGT
AATGGATTTGGACGCATTGGT
TTTGCACTGGTACGTGTTGAT
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Name

ACTA2

COL1A1

Smad3

MMP-2

GAPDH

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Sequence (5' 3)

CAGGGCTGTTTTCCCATCCAT
GCCATGTTCTATCGGGTACTTC
GTCGAGGGCCAAGACGAAG
CAGATCACGTCATCGCACAAC
CCATCTCCTACTACGAGCTGAA
CACTGCTGCATTCCTGTTGAC
GTGAAGTATGGGAACGCCG
GCCGTACTTGCCATCCTTCT
AGCCACATCGCTCAGACAC
GCCCAATACGACCAAATCC
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Primer name Sequence (5’ to 3')

M-collagen I-F AAGAAGCACGTCTGGTTTGGAG
M-collagen I-R GGTCCATGTAGGCTACGCTGTT
M-a-SMA-F GTACCACCATGTACCCAGGC
M-a-SMA-R GAAGGTAGACAGCGAAGCCA
M-LOX-F ACTTCTTACCAAGCCGCCCT
M-LOX-R TGGCATCAAGCAGGTCATAGTG
M-LOXL2-F GGAGCTTTTCTTCTGGGCAACC
M-LOXL2-R TACTCAGGGTACTGGAGCTGG
M-GAPDH-F CCTCGTCCCGTAGACAAAATG
M-GAPDH-R TGAGGTCAATGAAGGGGTCGT

RT-PCR, real-time polymerase chain reaction; SMA, smooth muscle actin; LOX, iysyl
oxidase: LOXL2, syl oxidase-like protein-2.





OPS/images/fphar-12-797292/fphar-12-797292-t001.jpg
Drugs

Pirfenidone

Nintedanib

Pamreviumab

GSK3008348

sildenafil

Co-trimoxazole or doxycycline
Lebrikizumab

Carlumab

Simtuzumab

Mechanism of action

Anti-fibrotic drug

Anti-PDGFR, VEGFR, FGFR drug
Anti-CTGF antibody

avp6 antagonist
phosphodiesterase-5 inhibitor
Antimicrobial drug

Anti-IL13

Anti-CCL2

Anti-LOX antibody
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Nathan et al. (2019)

Flaherty et al. (2019), Makino (2021)
Richeldi et al. (2020)

John et al. (2020)

Kang & Song, (2021)

Wisson et al. (2020)

Maher et al. (2021b)

Raghu et al. (2015)

Raghu et al. (2017)
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Type of
fibrosis

Cardiac
fibrosis

Renal fibrosis

Liver fibrosis

Pulmonary
fibrosis

Model

Isoproterenol-infused SHR

Myocardial infarction mice

HFD mice

Myocardial infarction model by thoracotomy, CF
treated with PHPS1

Neonatal rat CF treated with AVP

AVP-induced neonatal rat CF

shGRK2 mice
HFD+STZ mice; GMCs induced by PGE,

Chronic heart failure
Human patient tissue specimens

Cirrhotic rats induced by CCls
Porcine serum induced fibrotic rats

CCl, or thioacetamide injected mice
Bleomycin-induced pulmonary fibrotic mice

Relevant functional effects

Cardiac hypertrophy;

collagen | expression

Collagen expression; cardiac dysfunction; heart
failure

Cardiac myofibroblast; collagen deposition

Collagen I; collagen Ill deposition

a-SMA; MMP2; MMP9; proliferation of CF
Cardiac inflammation; fibroblast proliferation;
cardiac remodeling

ROS; ECM; inhibition of matrix degradation
ECM deposition; GMCs proliferation

Inflammation; ECM
Recruitment of neutrophils in the liver

The contractility of vascular smooth muscle
HSCs activation
HSCs activation; collagen deposition

Recruitment of neutrophils; a-SMA; collagen-1;
inflammation

Related mechanisms

GRK2-ADRB1
GRK2-BAR

GRK2-PKA-CREB;
GRK2-AMPK
GRK2-ERK1/2
-Smad2/3
AVP-V;,R-GRK2
-B-arrestin-ERK1/2
AVP-GRK2-NF-xB
-IL-6
GRK2-RAS-AT1R
GRK2-B-arrestin2
-EP1
GPCRs-GBy-GRK2
IL-33-ST2-GRK2
-CXCR2
GRK2-B-arrestin2
-ROCK

Decreased expression of
GRK2
GRK2-A2aR-MMPs
GRK2-CXCR2-MIP2-IL-
18

References

(86)
©7)
“9)
(©9)
(66)
©0)

©8)
©9)

(©0)
©1

©2)
©3)

(94-96)
97

SHR means the spontaneously hypertensive rats; PHPS1 used to specifically inhibit SHP-2; shGRK2 mice are the GRK2 hemizygous mice.
ADRB?1, adrenergic receptor beta 1; HFD, high-fat diet; CREB, cAMP-response element binding protein; AVP, arginine vasopressin; CF, cardiac fibroblast; AMPK, AMP-activated protein
kinase; MMP2, matrix metallopeptidase 2; RAS, renin-angiotensin system; STZ, streptozocin; GMCs, glomerular mesangial cells; HSCs, hepatic stellate cells; ROCK, Rho-kinase inhibitors;
a-SMA, alpha-smooth muscle actin; ST2, serum stimulation-2.
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Factors

Gender (male)
Age >67 years (cutoff

Time from symptom onset to diagnoss of ILD >23.5 months (cutoff)
Time from diagnosis of ILD to PF-ILD < 34.5 months (cutoff)

Prednisone (current + past)
FVC %
60-80%
40-59%
<40%
DLCO %
60-80%
40-59%
<40%
HRCT score
UIP pattern in HRCT
MPAD/AAD >0.81
SPAP >36.5 mmHg (cutoff)
P (A-a) O, > 34.95 mmHg (cutoff)
SIL-2R > 525 U/ml (cutoff)
CA199 > 26.76 U/l (cutoff)

p Value

0.059
0.025
0.030
<0.001
0.176

0.473
0.029
0.068

0.620
0.003
0.003
<0.001
<0.001
0.008
<0.001
0.034
<0.001
0.002

OR

2015
2451
2.494
8.991
1.722

1.400
3.400
4.900

1.400

6.800
10.200
3.766

4.639

2.796

5.752

2.786

6.857

3.850

Lower limit

0.974
1.120
1.092
3.206
0.783

0.659
1.130
0.890

0.370
1.942
2267
2.284
2.049
1.303
2.200
1.080
2.386
1.638

95%Cl
Upper limit

4.168
5.365
5.698
25217
3.786

3.507
10.232
26.969

5.294
23.810
46.091

6.210
10.507
6.000
15.036
7.185
19.706
9.061

Abbreviations: ILD, interstitil lung disease; FVC, forced vital capacity; DLCO, diftusion capacily for carbon monoxide; HRCT, high-resolution computed tomography; UIP, usual interstitial
peumonitis; MPAD, main pulmonary artery diameter; AAD, ascendling aorta diameter; SPAP, systolic pulmonary artery pressure; P(A-a) O, differential arterial oxygen partil pressure.

SIL-2R soluble interfeukin-2 recepior. CA199, carbohydrate antigen 199. Siatisticaly significant p values are highliohied in bold.
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Groups

PF-ILD (N = 132)
IPF (N = 47)
Non PF-ILD (N = 392)
PF-ILD subgroups
CTD-ILD + IPAF (N = 62)
Undlassifiable ILD (N = 45)
NSIP (N = 10)
Other ILDs (N = 15)
HRCT scores
1 point (N = 19)
2 point (N = 42)
3 point (N = 43)
4 point (N = 28)
SPAP
<36.5 mmHg (N = 31)
>36.5 mmHg (N = 57)

12 months

90.9%
89.4%
99.4%

93.4%
86.7%
90.0%
86.7%

NA
96.2%
88.3%
82.1%

96.8%
89.5%

36 months

58.8%
68.1%
96.4%

67.2%
53.3%
20.0%
66.7%

NA
73.8%
50.1%
21.4%

80.6%
52.6%

60 months (%)

481
439
91.0

62.3
422
100
26.7

94.7
61.9
38.2
107

774
386

Abbreviations: PF-ILD, progressive fibrosing interstital lung disease; IPF, idiopathic
pulmonary fibrosis; CTD-ILD, connective tissue disease-associated intersiital lung
disease; IPAF, interstiial pneumonia with autoimmune features; NSIP, nonspeciic
interstital preumonia; UIP, usual interstitil pneumonits; HRCT, high-resolution
computed tomography; SPAP, systolic pulmonary artery pressure; Accumulate survival
rates are estimated from Kaplan-Meier survival analysis.
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Characteristics

Age at diagnosis of ILD, median (range), y
Gender
Male/Female
BMI (kgm™)
Smoking history (current/past/never)
Therapy after diagnosis of ILD (current/past/never)
Prednisone
Immunosuppressant
Pirfenidone
Acetyloysteine
Lung transplantation
Death during follow-up
Time from symptoms onset to diagnosis of ILD, median (range), month
Time from diagnosis of ILD to PF-ILD, median (range), month
Median duration of follow-up, median (range), month
HRCT scores (1/2/3/4)
UP pattem on HRCT
MPAD/AAD
Pulmonary function®
FVC (% predicted)
DLCO (% predioted)
SPAP (mmHg)
Arterial blood gas analysis at time of diagnosis of ILD
PO, (mmHg)
Sa0; (%)
P (A-a) O, (mm Hg)

PF-ILD (N = 132)
63 (24-86)

85/47
248 +37
26/34/72

77/21/34
4/3/125
821122

79/27/26
4(3.0%)
79 (50.8%)

21.2 (0-120)

226 (0-85)

53.7 (1-130)

19/42/43/28

51 (38.6%)
091 £ 016

68.0 + 19.5
636+ 192
426+ 116

782+ 135
95.1+43
257 + 158

Abbreviations: ILD, intersttial lung disease; BMI, body mass index ; HRCT, high-resolution computed tomography; UIP, usual interstitial pneumonitis; MPAD, main pulmonary artery
dliameter; AAD, ascending aorta diameter; FVC, forced vital capacity; DLCO, diffusion capacity for carbon monoxide; SPAP, systolic puimonary artery pressure; PaOg, 0xygen partial

pressure; SaOy, oxygen saturation; P(A-g) Oy, differential arterial oxygen partial pressure.

aNot all patients had pulmonary function records.
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Diagnostic criteria

a relative decline in FVC=210% of the predicted value
arelative decline in 5 < FVC <10% of the predicted value and worsening of respiratory symptoms.
arelative decline in 5 < FVC <10% of the predicted value and increased extent of fibrosis on HRCT
worsening of respiratory symptoms and increased extent of fiorosis on HRCT

Abbreviations: FVC, forced vital capacity: HRCT, high-resolution computed tomography.

No. (%)

6(4.5)

2(15)

323
121 (91.7)
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Drugs

GKT137831 (400 mg
bi.d) Vs.Placebo

NAC (oral 600 mg
d) + prednisone +
azathioprine Vs.
Placebo +
prednisone +
azathioprine

NAC (oral 600 mg
d) + prednisolone +
azathioprine Vs. NAC
(oral 600 mg tid) +

placebo Vs. placebo

NAC (inhaled
362.4mg biid) +
pirfenidone Vs.
placebo + pirfenidone

NAC (oral 600 mg
d) + pirfenidone Vs.
Placebo + pirfenidone

NAC (oral 600 mg
d) Vs. Placebo

NAC (inhaled) Vs
placebo

Dasatinib (100 mg/d)
+ Quercetin

(1250 mg/c) Vs.
Placebo

PROLUNG (contains.
Saivianolic acid B)

EGCG (600 mg daily)

Pirfenidone (1197 or
2403 mg in divided
doses t.i.d) Vs.
placebo

Pirfenidone (2403 mg
in divided doses ti.d)
Vs. placebo

Thaiidomide (400 mg
daiy)

Thalidomide
(50-100 mg daily) Vs.
Placebo

6MWD, 6-min walk distance; b.i.

Identifier
(acronym)

NCT03865927

NCT00639496
(IFIGENIA)

NCT00650091
(PANTHER)

UMINO00015508

NCT02707640
(PANORAMA)

NCT04300920
(PRECISIONS)

NCT03720483

NCT02874989

NCT03720483

NCT03928847

NCT00287716
(CAPACITY:
study 004

NCT00287729
(CAPACITY:
study 006)

NCT00162760

NCT00600028

Study desing,
sample size

Phase 2
Randormized
Double-Blind

Parallel
Assignment
Placebo-
Controlled n = 60
Phase 3
Randomized
Double-Blind
Parallel
Assignment
Placebo-
Controlled n = 184
Phase 3
Randomized
Double-Biind
Parallel
Assignment
Placebo-
Controlled n = 264
Phase 3
Randomized
Open-label
Parallel
Assignment
Placebo-
Controlled n = 150
Phase 2
Randomized
Double-Biind
Parallel
Assignment
Placebo-
Controlled n =123
Phase 3
Randomized
Double-Biind
Parallel
Assignment
Placebo-
Controlled 1 = 200
Phase 1/2
Randomized
Open-label
Crossover
Assignment, n =0

Phase 1
Randomized
Open-label
Parallel
Assignment,
Placebo-
Controlled n = 26

Open-label Single
Group
Assignment n = 6

Early Phase |
Open-label Single
Group
Assignment n =35

Phase 3
Randomized
Double-Blind
Parallel
Assignment
Placebo-
Controlled n = 435
Phase 3
Randomized
Double-Blind
Parallel
Assignment
Placebo-
Controlled n =344
Phase 2 Non-
Randomized
Open-label Single
Group
Assignmentn =19
Phase 3
Randomized
Double-Blind
Crossover
Assignment
Placebo-
Controlled n =344

Primary endpoint

Changes in
concentrations of
circulating 0,0
dityrosine at 24 weeks

Changes in VC and
DLCO at 6 and

12 months

Changes in FVC at
60 weeks

Changes in FVC at
48 weeks

Assessment of adverse
events at 24 weeks

109% relative decline
FVC, first respiratory
hospitalization, lung
transplant or death from
any cause at 24 months

Changes in FVC at week
10 and 18

Retention rates and
completion rates for
planned ciinical
assessments (€.,
percentage of pro-
inflammatory expressing
cels, blood pressure,
weight, heart rate) at

4 weeks

Change in FVC at 6
months

LOXL2 activity and
TGFbetat signaling
biomarkers such as
Snailt and pSmads at
2 weeks

Changes in FVC at

72 weeks

Changes in FVC at
72 weeks

Safety, feasibity and
efficacy of thalidomide
administered day for
1 year

Suppression of cough
measured by the COLQ
at 6 months

Secondary endpoints

Changes in
concentrations of the
collagen degradation
product

FVC, BMWD at 24 weeks

CRP-score at 6 and
12 months

The time-to-death or a
10% deciine in FVC,
acute exacerbations,
respiratory infections at
60 weeks

Changes in 6MWD, VC,
TLC, DLCO at 48 weeks

Changes in FVC, DLCO,
BMWD at 24 weeks

Time to first all-cause
hospitalization,
annualized rate of
respiratory
hospitalizations, changes
in DLCO at 24 months

Changes in DLCO at
week 10 and 18

Safety and change in
functional and reported
health measures

Changes in SGRQ score,
SF-36 score, WHOQOL-
BREF score and in
adverse events over

6 months

Maximum plasma
concentration of EGCG
0,2, 4, 12 h post dose
and adverse events at

2 weeks

PFS, changes in 6MWD,
$p02, DLCO, dyspnea
score and worsening of
IPF at 72 weeks

PFS, changes in GMWD,
SpO2, DLCO, dysprea
score and worsening of
IPF at 72 weeks

changes in puimonary
function tests,
radiographs, dyspnea
scales and quality of ife
measures

Suppression of cough
measured by the VAS at
6 months

Outcome

Recruiting

Completed. Three-
drug therapy
preserved VG and
DLCO

Completed. NAC
offered no significant
benefit

Completed.
Combination therapy
did not bring any
clinical benefit

Completed. NAC
does not alter
tolerabilty profile of
pirfenidone and is
uniikely to be
beneficial

Recriting

Withdrawn

Completed.
Senolytics improved
MWD

Terminated

Recruiting

Completed.
Improvement in lung
function, in PFS, and
in the associated
death

Completed.
Improvement in lung
function, in PFS, and
in the associated
death

Completed. No
results available

Completed.
Thalidoide
improved cough and
respiratory qualty of
e

Observations

Three-drug regimen
was stopped due to
safety concerns

The study
encountered
challenges during
startup due to the
COVID-19 epidemic
and was withdrawn

Difficulty in recruting
eligible patients

bis indii, twice a day; CQLQ, Cough Qualiy of Life Questionnaire; CAP -score, clnical, radiologic and physiologic score; DLCO, diffusion capacity for

CO; EGCG, Epigallocatechin-3-galate; FVC, forced vital capacity; NAC, N-acetylcysteine; PFS, progression-fiee suvival; SF-36, 36-ltem Short Form Survey; SGRQ, St. George's
Respiratory Questionnaire; SpO2, oxygen saturation by pulse oximetry; t.d, ter i die, three times a day; TLC, totallung capacty; VAS, visual analog scale of cough; VI, vital capacity;
WHOQOL-BREF, world Health Organization Quality of Life abbreviated version.
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Drug

DPI
Vas2870
GKT137831

GKT136901
Apocyrin
Metformin

NAC

Quercetin

Salvianolic acid B

EGCG

Tanshinone IIA and Sodium

tanshinone lIA sulfonate

Resveratrol
Sulforaphane

Melatonin

Curcumin

Pirfenidone

Thalidomide

Crocin

Isorhamnetin

Echinochrome A

AEOL 10150

AEOL 10113

MnTBAP

Class

NOX inhibitor
NOX inhibitor
NOX inhibitor

NOX inhibitor
NOX inhibitor

NOX inhibitor
Anti-diabetic
Antioxidant
enhancer

Antioxidant
enhancer
Senolytic
Antioxidant
enhancer

Antioxidant
enhancer

Antioxidant
enhancer

Antioxidant
enhancer
Antioxidant
enhancer
Antioxidant
enhancer

Antioxidant
enhancer

Antifibrotic

Antioxidant
enhancer

Antiemetic
Antioxidant
enhancer
Antioxidant
enhancer

Antioxidant
enhancer
Antioxidant
enhancer

Catalytic
antioxidant
mimetics
Catalytic
antioxidant
mimetics
Catalytic
antioxidant
mimetics

Mechanism of
action

Pan-NOXs inhibitor
Pan-NOXs inhibitor
NOX4/NOX1 dual
inhibitor
NOX4/NOX1 dual
inhibitors

NOX2 inhibitor
ROS scavenger
NOX4 inhibitor

ROS scavenger
GSH precursor
| NFKB

1 N2

ROS scavenger

1 Nrf2
ROS scavenger

1 Nrf2

| NOX2,4

ROS scavenger

1 Nrf2
IInflammatory
mediators

ILipid peroxidation
ROS scavenger

1 Nrf2

1GSH

| NOX4

ROS scavenger
Nif2

1 Nrf2

ROS scavenger
T Nrf2
Iinflammatory
mediators

ROS scavenger
T Nrf2

1 Antioxidant
molecules

ROS scavenger

1 Nrf2
1 Antioxidant
molecules

1 Lipid peroxidation
LInflammatory
mediators

1 Antioxidant
molecules

1 N2
1 Antioxidant
molecules

ROS scavenger
N2

1 Antioxidant
molecules
Iinflammatory
mediators
Mimics SOD
Mimics CAT

Mimics SOD

Mimics SOD

Clinical
trial identifier NCT

NCT03865927

NCT00639496
NCT00650091
UMINO00015508
NCT02707640
NCT04300920
NCT03720483
NCT02874989

NCT03274544

NCT03928847

NCT00287716
NCT00287729
NCTO01366209

NCT00162760
NCT00600028

Reference

O'Donnell et al. (1993); Kato and Hecker. (2020)
Kato and Hecker, (2020)

Gaggini et al. (2011)

Gaggini et al. (2011)

Heumiiler et al. (2008); Augsburger et al. (2019)
Sato et . (2016); Rangarajan et al. (2018)

Watchon et al. (1998); Parmentier et al. (1999); Cuzzocrea et al.
(2001); Sugiura et al. (2009); Ji et . (2010)

Tanigawa et al. (2007); Veith et al. (2017); Cazzola et al. (2018);
Sellarés and Rojas. (2019)

Xiao et al. (2020)

Salah et al. (1995); Nanjo et al. (1999); Nagai et . (2002a);
Negishi et al. (2004); Zhang et al. (2007a); Sriram et al. (2009a)

Zhang and Wang. (2007); An et . (2019)

Zhu et al. (2017)
Elbarbry and Elrody. (2011); Kim and Park. (2016)

Swiderska-Kolacz et a. (2006); Reiter et al. (2007);
Santofimia-Castafio et al. (2015); Goc et al. (2017)

Lee et al. (2010b); Zhou et al. (2011); Lelii et al. (2017)

Gir et al. (1999); Misra and Rabideau. (2000); Nakazato et al.
(2002); Oku et al. (2008); Ma et al. (2021)

Amirshahrokhi. (2013); Dong et al. (2017)

Zaghloul et al. (2019); Mehrabani et al. (2020)

Chietal. (2016); Zheng et al. (2019); Luo et al. (2019); Ren et al.
(2021)
Lebed'ko et al. (2015)

Rabbani et al. (2007); Garofalo et al. (2014); MacVittie et al.
(2017); Zhang et al. (2018b)

Vujaskovic et al. (2002)

Oury et al. (2001); Venkatadri et al. (2017)

CAT, catalase; DPY, Diphenyleneiodonium; EGCG, Epigallocatechin gallate; NAC, n-acetyl cysteine; NFxB, nuckear factor kappa beta; NOX, NADPH, oxidase; NRF2, nuclear factor
erythroid 2-related factor 2: ROS, reactive oxygen species; SOD, superoxide dismutase.
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Sputum
Plasma
BALF

Blood

Blood
Serum
Plasma
BALF
BALF
BALF
BALF
BALF
EBC

Plasma and urine

Serum and BALF
EBC

Plasma

Serum

BALF

Blood

Lung tissue

Lung tissue
Lung tissue

Comparison (n)

IPF (15) vs. Ctrl (19)
IPF (10) vs. Ctrl (19)
IPF (17) vs. Ctr (14)

IPF (12) vs. Ctrl 31)

IPF (16) vs. Ctrl (15)
IPF (16) vs. Ctr (20)

IPF (22) vs. Ctr (29)

IPF (1) vs. Ctrl (9)

IPF (37) vs. Ctr (6)

IPF (12) vs. Ctrl (31)

IPF non-smokers (14) vs Ctrl non-smokers (9)
IPF (9) vs. Ctrl (5)

IPF (13) vs. Ctrl (5)

IPF (15) vs. Ctrl (8)

IPF (16) vs. Ctrl (15)

IPF (29) vs. Ctrl (6)

IPF at rest (29) vs. IPF after physical exercise

IPF (20) vs. Ctrl (20)

IPF (16) vs. Ctrl (17)
IPF (6) vs. Ctrl (6)
IPF (21) vs. Ctrl (12)

IPF (43) vs. Ctrl (30)

IPF (16) vs. Ctrl (20)

IPF (11) vs. Ctrl (9)

IPF (10) vs. Ctr (5)
IPF fibrotic areas vs IPF normal areas
IPF (10) vs. Ctrl (310)

IPF (7) vs. Ctrl (7)

IPF hyperplastic epithelium vs IPF normal epithelium

Biomarker

1tGSH
—GSH/GSH + GSSG
1tGSH

1GSH

1tGSH

~tGSH

1GSH

~GSSG
1GSH/GSSG

tGSH

~GSH

1GSSG

tGSH
tGSH/GSSG
1GSSG

1GSH

~GSSG

Tlipid peroxidation

1TBARS

MDA

TEAC

1Carbonyl proteins
TCarbonyl proteins
TCarbonyl proteins
TCarbonyl proteins
18-isoprostane
TH0,
1PHisoprostanes
oUr- H0,
«—Pl-isoprostanes
PITAC
TUr-isoprostanes
©Ur- H,0,
18-isoprostane

© NOx

© H0,

13-NT
18-isoprostane
18-isoPGF2a
Thydroperoxides

Thydroperoxides

furic acid
Tascorbic acid
Tvitamin A

Tvitamin E

Luric acid (not sig)
lascorbic acid (not sig)
ITEAC

~ECSOD

LECSOD

~Poxl

oNRF2

1SRX1

INRF2

TKEAPT

Lung function/severity disease
correlation

No correlation
N/A
No correlation

N/A

Tdisease severity
e
No correlation

No correlation

VG
N/A

Tdisease severity
we

No correlation
N/A

N/A
N/A

N/A

N/A

No correlation
1DLCO

N/A

No correlation

LFVE1, |FVG, IVC, ITLC
N/A

N/A

Tdyspnea severity

1 FVG |DLCO

1FVC |DLCO

Tacute exacerbation

N/A

N/A

N/A

N/A
N/A

Reference

Cantin et al. (1989)
Borok et al. (1991)
Meyer et al. (1904)

Rahman et al. (1999)

Beeh et al. (2002)
Markart et al. (2009)

Muramatsu et al. (2016)

Veith et al. (2017)

Jack et al. (1996)

Rahman et al. (1999)
Lenz et al. (1996)
Lenz et al. (2004)
Rottoli et al. (2005)
Bargagii et al. (2007)
Psathakis et al. (2006)

Jackson et al. (2010)

Chow et al. (2012)

Mali et al. (2013)
Shimizu et al. (2014)
Daniil et al. (2006)
Matsuzawa et al. (2015)

Mearkart et al. (2009)

Veith et al. (2017)

Kinnula et al., 2006

Vuorinen et al. (2008)
Mazur et al. (2010)

3-NT, 3-ntrotyrosine; BALF, bronchoalveolar lavage fuid: Ci, control; DLCO, difsing capacity ofthe kungs for carbon monoxioe; EBC, expired breath condensate; ECSOD, Extracelur Superoxide
Dismutase; ELF, epithelia liing fluid; FEV, foroed expiratory volume; FVC, forced vial capacity; GSH, glutathione; GSSG, oxidized glutathione; IPF, idopathic pumonary fibrosis; KEAP, Kelch fie-
ECH-associated protein 1; MDA, malondeldehycie; N/A, not avaiabe; not sig, not significative; NOx, NADPH, oxidases; NRF2, nudlear factor erythvoid 2-related factor 2; P, plasme; P,

paroxiecksdn - SAX, suliredaxin-1: TAC, fotal anticxidant capacty; TBARS, thiobarburic acid reactive substances: TEAC, trokix equivalert anticxiolant capacity; 1GSH, toled ghutsthions: Ur. wurine.
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Drug group (n = 181)

No. of re-exacerbation 066 + 0.91
Months of oral antibiotics 129209
Months of intravenous antibiotics 043 +0.79

Data are presented as mean + SD except as otherwise noted. No., number.

Control
group (n = 186)

0.92 + 1.00
1.90 £233
0.65 + 091

P-value

0.005
0.001
0.012





OPS/images/fphar-12-794997/fphar-12-794997-t001.jpg
Cell

(myo)fibroblasts

Epithelial cells

inflammatory
cells
VSMCs

Endothelial cells

Redox system
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mtROS

H0,

Catalase

SOD

NOX2 and NOX4

NOX4

NOX 2 and NOX4

Implicated process

TaSMA Tfibronectin
Tprocollagen

Tmigration

Tprofibrotic phenotype
Tsenescence

lapoptosis

1TGFp Tcollagen THSP47
ECM-degrading enzymes
Tprofibrotic genes

Ifibrotic progression

TEMT

Tsenescence Tapoptosis
Mimics TGFp

1H0, |fibroblast activation
1ECM oxidative degradation
TECM deposition

Tprolferation
Tremodeling
Tangiogenesis

Reference

Hecker et al. (2009); Griffth et al. (2000); Amara et al. (2010); Hecker et al. (2014); Jarman et al
(2014); Cameii et al. (2020)

Zeidler et al. (2004); Hsu et al. (2007); Kiiment and Oury. (2010)

Jain et al. (2013)

Avtaud-Macari et al. (2013)

Hecker et al. (2009); Cameli et al. (2020)

Yoon et al. (2005); Panduri et al. (2009); Taslidere et al. (2014); Rangarajan et al. (2017)
Rhyu et al. (2005)

Waghray et al. (2005)

Petersen et al. (2004)

He et . (2019)

Sturrock et al. (2006); Kato and Hecker. (2020)

Teng et al. (2012); Jarman et al. (2014)

aSMA, a-smooth muscle actin; ECM, extracelular matrix; EMT, epithelial-to-mesenchimal transition; HSP47, heat-shock protein 47; iNOS, inducible NOS; mtROS, mitochondrial ROS;
NO, nitric oxide: NOS, nitric oxide synthase; NOX, NADPH, oxidases; Nrf2, nuclear factor erythroid 2-related factor 2; SOD, superoxide dismutase; TGFB, transforming growth factor f.
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Severity of bronchiectasis
Peribronchial thickening

Extent of bronchiectasis (No. of BP
segments)

Extent of mucous plugging (No. of BP
segments)

Sacculations or abscesses (No. of BP
segments)

Generations of bronchial divisions
involved (bronchiectasis/plugging)

No. of bullae

Emphysema (No. of BP segments)
Collapse/consoiidation

Bhalla score

Drug group (1 = 47)

Control group (n = 58)

Baseline

191£0.75
211 £067
1.60 + 0.71°

0.98 + 0.79°
0.53 +0.72
257 +0.68
0.11 £+ 0.52
0.34 +0.73

1.11 £ 0.67
13.74 + 3.72

4-6 months
later

181 +0.80

1.64 + 0.67
1.60 +0.71¢

0.47 + 0.62
0.28 + 0.58¢
256 +0.75
0.11 + 0.562
032 + 0.69

0.66 + 0.73
16.57 + 3.60

P-
value

0.467

0.001
1

0.001
0.047
0.982
1
0.960

0.002
0.017

D-value®

0.11 £ 037
0.47 + 0.80
0+0.21

0.51 + 0.59
0.26 + 044
0.02 + 0.15
0+0
0.02 + 0.15

045 +0.77
-1.83 + 1.62

Baseline

205 +074
210+ 0.67
197 +0.88

052 +0.57
060 +0.53
269 +0.57
021 +0.49
0.16 + 0.41

1.02 +0.69
1369 +2.89

4-6 months
later

203+ 075
1.90 + 0.69
197 + 0.88

0.40 + 0.53
0.45 + 0.54
269 + 0.57
021 + 0.49
0.16 + 0.41

072+ 0.74
14.48 + 2.85

P-
value

0.903
0.104
1

0.246

0.105

1

1
0.025
0.139

Data are presented as mean + SD except as otherwise noted. HRCT, high-resolution computed tomography. No, number and BP, bronchopulmonary.

°D-value, difference value, the difference between baseline and 4-6 months later.

“The p-value of the d-value between two groups.
“There were statistical differences between two groups during exacerbation (p < 0.05), the p-values of others were more than 0.05.
There were statistical differences between two groups 4-6 months later (p < 0.05), the p-values of others were more than 0.05.

D-value®

0.02 £0.13
021052
0+0

0.12 +0.38
0.16 + 0.37
0+0
0+0
0+0

0.29 + 0.59
-0.79 + 1.37

p.
value®

0.087
0.006

<0.001
0.204
0.267
0.267

0.133
<0.001





OPS/images/fphar-12-773241/fphar-12-773241-t002.jpg
Drug group (n = 181) Control group (n = 186)

Baseline® 3 months P-value D-value® Baseline 3 months P-value D-value® P-value®
later later
Cough 6.18 + 2.00 3.03 x 1.64% <0.001 3.15+1.88 6.06 + 1.84 3.76 + 1.70 <0.001 231 +£1.70 <0.001
Expectoration 7.36 +2.35 457 + 2.89° <0.001 278 +2.53 7212228 6.05 + 2.85 <0.001 1.16+2.23 <0.001
Expectoration volume 5.20 + 2.40 262+217¢ <0.001 259 +2.04 5.44 + 2.46 310+ 218 <0.001 233+ 1.95 0.251
Total cough score 18.75 + 5.67 10.23 + 5.77¢ <0.001 8.62 + 4.71 18.71 + 6.36 12.90 + 5.44 <0.001 5.81 + 4.09 <0.001
Dyspnea 232+234 1.03 + 1.56 <0.001 1.29 +2.08 219+219 1282 1,70 <0.001 0.94 + 1.71 0.180
Hemoptysis 1.11+£200 0.36 +1.17 <0.001 0.756 + 2.10 1.39+1.98 0.47 + 1.22 <0.001 0.92 + 1.87 0.191
Chest pain 0.60 + 1.43 0.23 +0.92 0.003 0.36 + 1.17 0.77 +1.52 0.26 + 0.95 <0.001 0.52 + 1.47 0.131

Total symptom score 22.77 + 7.06 11.85 + 7.05¢ <0.001 1092 +589  23.06 + 6.1 14.89 + 6.35 <0.001 8.18 + 4.77 <0.001

Data are presented as mean + SD except as otherwise noted.
“There were no statistical differences in all the clnical symptom scores between the two groups during exacerbation (p > 0.05).
°D-value, difference value, the difference between baseline and 3 months later.

“The p-value of the d-value between two groups.

IThere were statistical differences between the two groups 3 months later (p < 0.05).
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Patient characteristic

Sex (female/male)

Age (years)

Smoking (1, yes %)

BMI (kg/m?)

Duration of bronchiectasis (years)
Ho, g/L.

Leukocyte, x109/L.

Neutrophilic granulocyte,x10%/L.
Pa0,, mmHg

PaCO,, mmHg

Arterial oxygen saturation, %
Puimonary function

FEV;, L

FEV, predicted, %

FVC, L

FEV,/FVC, %

Drug group (n = 181)

117/64
54.93 + 12.30
31 (17.13%)
2232 +3.16
14.09 + 14.80
126.37 + 13.87
6.48 +2.19
397 +2.06
82.98 + 14.61
40.02 + 3.91
95.73 + 2.06
n=135
1.81+0.80
65.15 + 21.67
2.54 +0.88
69.78 + 12.81

Control
group (n = 186)

109/77
54.03 + 12.68
30 (16.13%)
2172 +322
12.91 +13.37
129.34 + 16.38
6.53 +2.23
4.00 + 1.94
86.15 + 13.96
30.38 +4.78
96.00 + 2.64
n =140
1.86 + 0.81
67.96 + 23.61
2.58 + 0.89
7062 + 12.44

P-value

0.234
0.490
0.797
0.072
0.921
0.065
0.866
0.268
0.014
0.169
0.064
0.595
0.305
0.738
0.586

Data are presented as n (%) or mean + SD except as otherwise noted. Hb, hematoglobin. PaOs, the partial pressure of oxygen. PaCOy, the arterial blood partial pressure of carbon

dioxide. BMI, body mass index. FEV,, forced expiratory volume in 1s. and FVC, forced vital capacity.
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Primary antibody

Anti-B-ACTIN
Anti-fibronectin
Anti-Col1al
Anti-a-SMA
Anti-GLUT1
Anti-STAT3
Anti-p-STAT3

For cells

Proteintech, 66009-1-Ig, 1
Proteintech, 15613-1-AP, 1:1000 270kd
Proteintech, 66761-1-Ig, 1:1000 130kd
Proteintech, 14395-1-AP, 1:1000 42kd
Proteintech, 66290-1-Ig, 1:1000 54kd
CST, 9139, 1:1000 86kd

CST, 9145, 1:1000 86kd

For model mice

Abcam, ab2413, 1:1000 280kd
CST, 81375 1:1000 220kd

Proteintech, 60199-1-Ig, 1:1000 88kd
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Type Author, year

Statin Nadrous et al. (2004)

Vedel-Krogh et al. (2015)

Ekstrom and
Borefalk-Hermansson
(2016)

Kreuter et al. (2017)

- Kreuter et al. (2018)

- Durheim et al. (2020)

- Lambert et al. (2021)

Anticoaguiants  Kubo et al. (2005)

- Tomassetti et al. (2013)

= Kreuter et al. (2017)

- King et al. (2021)

= King et al. (2021)

- Lambert et al. (2021)

ACEVARB Nadrous et al. (2004)

- Ekstrém and
Bornefalk-Hermansson
(2016)

- Kreuter et al. (2019)

- Kreuter et al. (2019)

Country

United States

Denmark

Sweden

United States

INPULSIS

United States

Beigium

Japan

italy

United States

United States

United States

Belgium

United States

Sweden

United States

United States

Study design

Retrospective

Retrospective

Prospective
cohort study

Prospective
population-
based study

Retrospective

Retrospective
cohort study

Retrospective

Prospective
study

Retrospective
cohort study

Prospective
study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
review

Retrospective

Perspective
cohort study

Prospective
population-
based study

Prospective
population-
based study

Intervention

Statinn = 35

Statin n = 261

Statinn = 122

Statin n = 276

Statinn = 312

Statinn = 4,775

Statinn = 171
Warfarin n = 23
Warfarin n = 25
Anticoagulants
n=3

Direct oral
anticoagulants
(DOACs) n = 57
Warfarin n = 49
Anticoagulants
n=49

ACEIn = 52
ACEI/ARB
n=161

ACEIn = 111
ARB N = 121

Control

No statin
N =442

No statin
N =522

No statin
N =340

No statin

N =348

No statin

N =749

No statin
N = 4892

No statin

N=152

No warfarin
n=33

Nonen = 26

No
anticoagulants
n =59

No
anticoagulants
n=1070

No
anticoagulants
n=1070

No
anticoaguiants
274

No ACEI/ARB
N =425

No ACEI/ARB
N =301

No ACEI/ARB
N =392

No ACEI/ARB
N =392

Note. The INPULSIS studlies were performed at 205 sites in 24 countries in the Americas, Europe, Asia, and Australe.
HR, hazard ratio; IPF, iciopathic pumonary fibrosis; FVC, forced vital capacity; DLCO, diffusing capacity of the lungs for carbon monoxide; DOACS, direct oral anticoagulants; ACE],
anoigtensin-converting enzyme inhibitor: ARB, angiotensin receptor blocker.

‘Outcome

Mean survival HR 0.97;
95% C1 0.62-152 (0 =
0.985)

All-cause Mortalty HR
0.76; 95% C1 0.62-093
(0 =0.05)

All-cause mortaiity HR
1.13; 95% Cl 0.81-157

All-cause mortality HR
0.54; 95% C1 0.24-1.21
(p =0.1369)

IPF-related mortality HR
0.36; 95% C1 0.14-095
(p = 0.0393)

FVC decline or death HR
0.71; 95% Cl 0.48-1.07
(p =0.1032)

Annual rate of deciine in
FVC mean

Difference 50.8 mi/year;
95% CI 10.9-1125 (0 =
0.1065)

FVC decline or death HR
1.01; 95% Cl 0.72-1.41
(p = 0.9700)

In-hospital mortality OR
0.76; 95% CI 0.67-0.87
(p <0.001)

Sunvival HR 0.82; 95% Cl
0.50-1.35 (p = 0.428)
Annual FVC% difference
2.9%, Cl1.64.4 p <
0.001)

DLCO% decline
difference 1.3%, Cl
0.24-2.3 p = 0.013)

Sunvival HR 2.9; 96% CI
1.0-8.0 (p = 0.04)

Survival HR 4.8; 95% Ol
1.8-12.8 (p = 0.002)
Interval to disease
progression HR 2.7; 95%
Cl1.2-65 (0 = 0.023)

All-cause mortalty HR
2.6;95% Cl 0.7-88 (0 =
0.136)

IPF-related mortality HR
4.7,95%Cl1.1-19.3(p =
0.034)

All-cause mortalty or
transplant HR 1.368;
95% Gl 0.500-3.737
Transplant-free survival
HR 1.510; 95% C
0.709-3215

All-cause mortalty or
transplant HR 2.566;
95% Cl 1.095-6.0165
Transplant-free sunvival
HR 2.101; 95% CI
1.025-4.307

Survival HR 1.25; 95% CI
0.71-2.21 (p = 0.444)
DLCO decine (difference
~1.3%, C12.6-002 (0 =
0.055)

Mean survival HR 1.05;
95% C1 0.73-152 (o =
0.776)

All-cause mortalty HR
0.63; 95% Cl 0.47-085

All-cause mortality HR
12;95% C105-2.8(0 =
0.737)
Disease progression HR
0.6: 95% Cl 0.4-09 (0 =
0.026)

All-cause mortalty HR
22, 95% Cl 1.2-43 (0 =
0017)

Conclusion

These data do not
suggest a beneficial
effect of statins on
survival in patients
with IPF.

Among patients with
interstitial lung
disease, statin use
was associated with
reduced all-cause
mortaliy.

There was no
association between
statin treatment and
survival.

This study indicated
that statins may have
abeneficial effect on
cinical outcomes

in IPF.

It showed a
numerically lower
FVC decline in
placebo-treated
patients who were
receiving statins at
baseine.

Statins significantly
associated with a
lower risk of in-
hospital mortalty.
This study
demonstrated a
signiicant beneficial
effect of statin therapy
on IPF evolution,
partioularly on FVC
and DLCO decine,
but not signficantly
affecting survival

Anticoagulant
therapy has a
beneficial effect on
survival in patients
with IPF.

In this retrospective.
study, patients
treated with
anticoagulants had a
worse survival and a
shorter interval to
disease progression.
This post-hoc
analysis suggests
that anticoagulants
used for non-IPF
indications may have
unfavorable effects in
IPF patients

In patients with IPF,
DOACs were not
associated with
increase in risk of
death or transplant
and reduction in
transplant-free
survival.

In patients with IPF,
warfarin was
associated with
increase in risk of
death or transplant
and reduction in
transplant-free
survival.

This study suggests
that anticoagulant
use showed a trend
towards worse
DLCO decline in IPF
patients, but no effect
on survival.

These data do not
suggest a beneficial
effect of ACEI on
survival in patients
with IPF.

ACEI/ARB treatment
is related to
improving the survival
of IPF patients.

This analysis
suggests that ACE!
treatment may
potentially be
associated with
siightly better
outcomes in patients
with IPF.

ARB treatment may
potentially be
associated with
greater risk of all-
cause.
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Parameters

Case, n
Sex, n (%)

Male

Female
Age, n (£SD)
Aetiology, n (%)
Hepatocellular carcinoma

Hepatic cirthosis
Hepatic hemangioma
Others
HCC, n(%)
With
Without
Serum ALT, UL
Serum AST, UL

Patients

4

1(25.0%)
3(75.0%)
62.7(:10.0)

0

4(100.0%)
0(0.0%)
39.5(:15.97)
42.0(+27.04)

Healthy donor

3

1(33.3%)
2(66.7%)
65.0(:10.0)

16.5(:15.9)
21.5(:15.8)
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circRNA ID

hsa_circ_0072309
hsa_circ_0023919
hsa_circ_0008267
hsa_circ_0007637
hsa_circ_0006117
hsa_circ_0003502
hsa_circ_0003441

Product length

115
110
89

100
120
78

105

Forward

5'-GGAACGACAGGGGTTCAGTT-3
5'-CAGGTAGCAAGTACATGGGGA-3'
5'-GTCAGTGGTGGAAGTGAGAC-3"
5'-GGACTGAACACCGCACAGG-3'
5'-CACTCCAGAAACTTTCCCTCCT-3"

5'-TAGTGGGCATCTGTCTCATCTTG-3"

5'-CAGTTCTTGGTGGTGAAGTGG-3'

Reverse

5'-TCATCTGTGCAATGCAGTCAG-3'
-ACCTGCTTGCAGCTGTAGAAT-3'
TGTGTGTGATGTGTTGTCCT-3'
-TCTCCTCCATTGGGTATCAGC-3'
5'-CAAATGACAATTTACCTGTGGTAGC-3'
5'-GAGCATCCCTATGGAGAGCAG-3'
5'-GACTTTGTCTGGAGAGCTTGT-3'
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Characteristics

Age, years
Gender (female/male)

Subtype (dcSSc/lcSSc)

Disease duration from RP, years
mRSS

Overall HRCT score

MaxFIB HRCT score

PIINP, ng/mi

TIMP-1, ng/mi

HA, ng/ml

ELF score

With ILD (n = 15)

54 (41-62)
12/3 (80%/20%)
10/5 (67%/33%)

30 (1.7-10.0)
11.0 (6.0-24.0)
145 (125-159)
3(2-9
9.66 (6.59-12.02)
109.45 (93.05-200.09)
208,14 (125.37-27337)
10.20 (9.89-10.68)

Without ILD (n = 15)

56 (44-64)
14/1 (93.3%/6.7%)
10/5 (67%/33%)
4.0 (1.6-100)
10 (3.0-14.0)

12.20 (7.83-15.29)
65.50 (40.57-110.73)
178.26 (92.93-231.85)

10.40 (10.15-11.13)

SMD

0.149
0.400
<0.001
0.126
0.392

0.318
0.908
0.000
0.463

p Value

0.686
0.598
1.000
0.967
0.367

0412
0.007
0.285
0215

ELF, enhanced liver fibrosis; HA, hyaluronic acid; HRCT, high resolution computed tomography; ILD, interstitial lung disease; MaxFIB, maximum fibrosis score; mRSS, modlified Rodnan
skin score; PIINP, procollagen type Il amino terminal propeptide; RP, Raynaud's phenomenon; SMD, standardized mean difference; TIMP-1, tissue inhibitor of metalloproteinases 1.
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Characteristics N=20

Follow-up time, months 3.4(2.1-96)
Gender (female/male) 14/6 (70%/30%)
Age, years 56 (50-62)
Subtype (dcSSc/eSSe) 14/6 (70%/30%)
Disease duration from RP, years 1.7 (0.5-6.0
Disease duration from first non-RP, years 1.7 (0.6-3.0)
mRSS 95 (7.0-218)
Interstitial lung disease 14 (70%)
ESR, mm/h 27.0 (19.0-37.0)
Disease specific autoantibodies

ATA positive 17 (85%)

ACA positive 1(5%)

ARA positive 1(6%)
Treatment

Immunosuppressants® 10 (50%)

Anti-fibrotic drugs® 9 (45%)

ACA, anti-centromere antibody; ARA, anti-RNA polymerase lil antibody; ATA, anti-
topoisomerase | antibody; dcSSc, diffuse cutaneous SSc; ESR, erythrocyte
sedimentation rate; IcSS, imited cutaneous SSc; mRSS, modified Rodnan skin score;
RP, Raynaud's phenomenon.

“Immunosuppressants include cyclophosphamide, mycophenolate mofeti, and
methotrexate.

bAnti-fibrotic drugs include nintedanid and pirfenidons.
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Characteristics PIIINP
Age -0.001

Disease duration from RP -0348"
Disease duration from first non-RP -0.226"
mRSS 0586
Overall HRCT score® -0.152
MaxFIB HRCT score® -0.095
ESR, mmvh 0.263"

TIMP-1

0.001
-0.175
-0.134
0240

0.100
-0.001

0105

HA

0.456"
-0.320"
-0.197
0.237*
0.280
0.189
0.086

ELF score

0353
-0.400"
-0.264"
0482
0255
0158
0215

ELF, enhanced liver fibrosis; ESR, erythrocyte sedimentation rate; HA, hyaluronic acid; HRCT, high resolution computed tomography; MaxFIB, maximum fibrosis score; mRSS, modified
Rodnan skin score; PHINP, procollagen type il amino terminal propeptide; RP, Raynaud's phenomenon; SSc, systemic sclerosis; TIMP-1, tissue inhibitor of metalloproteinases 1.

“Only patients with interstitial lung disease (N = 49) were included in the analysis.

“p <.001.
“p <.01.
0 < .05.
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Characteristics PIINP (ng/mi) TIMP-1 (ng/mi) HA (ng/mi) ELF score

Total 10.31 (7.83-14.10) 110.73 (66.21-192.45) 192.00 (124.17-265.07) 10.34 (2.91-10.86)

Gender
female 950 (7.14-13.22) 104.90 (63.88-166.75) 178.33 (117.40-243.59) 10.23 (9.79-10.64)
male 14.05 (9.80-19.50) 197.73 (90.94-256.83) 266.97 (166.52-299.14) 10.96 (10.79-11.47)
p Value 0003 0008 0020 0001

Subtype
dcSSc 13.34 (8.99-15.46) 116.00 (85.18-214.77) 195.88 (121.84-275.86) 10.60 (10.11-11.20)
lcSSe 839 (6.55-10.91) 98.32 (48.50-141.75) 188,50 (133.90-246.52) 10.10 (2.65-10.63)
p Value <0.001 0017 0691 0,003

DU
with DU 10.91 (8.62-14.18) 118.35 (70.89-199.50) 171.58 (124.17-302.18) 10.38 (9.98-11.10)
w/o DU 9.65 (7.23-14.10) 107.12 (53.06-185.34) 202.09 (121.87-255.24) 10.31 (9.84-10.81)
P Value 0282 0175 0874 0364

ILD
with ILD 10.90 (7.99-14.06) 120.70 (80.00-206.49) 20282 (113.63-273.63) 10.37 (2.95-11.05)
w/o ILD 961 (7.51-14.90) 95.83 (51.76-166.75) 179.83 (133.87-253.16) 10.24 (9.82-10.83)
p Value 0715 0054 0803 0.600

PAH
with PAH 10.99 (9.07-14.56) 9281 (31.70-212.59) 172.34 (132.98-370.11) 10.24 (10.04-11.08)
w/o PAH 10.44 (7.83-14.13) 110.73 (66.93-193.66) 195.88 (123.77-266.97) 10.40 (2.91-10.88)
p Value 0659 0674 0926 1.000

ATA
ATA+ 10.97 (7.97-14.42) 120.70 (85.18-205.80) 202.09 (121.84-266.97) 10.32 (8.91-11.01)
ATA- 961 (7.72-13.56) 99.76 (62.59-170.03) 178.33 (126.30-267.29) 10.39 (9.89-10.84)
p Value 0331 0110 0757 0965

ACA
ACA+ 859 (7.41-10.97) 65.50 (34.99-120.94) 178.26 (123.77-228.01) 10.20 (2.79-10.56)
ACA- 10.94 (7.93-14.27) 118.35 (82.58-202.52) 199.26 (123.89-273.50) 10.40 (994-11.13)
p Value 0.143 0.003 0776 0.187

ACA, anti-centromere antibody; ARA, anti-RNA polymerase lll antibody; ATA, anti-topoisomerase | antibody; deSSc, diffuse cutaneous SSc; DU, digital uicer; ELF, enhanced iver fibrosis;
HA, hyaluronic acid; ILD, interstitial lung disease; IcSSc, limited cutaneous SSc; PAH, pulmonary arterial hypertension; PIINP, procollagen type li amino terminal propeptide; SSc, systemic
sclerosis; TIMP-1, tissue inhibitor of metalloproteinases 1: w/o, without.
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Characteristics

Gender (female/male)
Age, years
Subtype (dcSSc/cSSc)
Disease duration from RP, years
Disease duration from first non-RP, years
mRSS
Raynaud's phenomenon
Puffy fingers
Telangiectasia
Digital uicer
Interstitial lung disease
Puimonary arterial hypertension
ESR, mm/h
Disease specific autoantibodies
ATA positive
ACA positive
ARA positive

N=85

68/17 (80.0%/20.0%)
53 (38-62)
47/38 (55.3%/44.7%)
3.0 (1.0-9.0)

20 (1.0-5.0)

8.0 (3.5-175)

79 (92.9%)

58 (68.2%)

46 (54.1%)

28 (32.9%)

49 (57.6%)
4(4.7%)

21,0 (12.0-37.0)

47 (55.3%)
19 (22.4%)
4(4.7%)

ACA, anti-centromere antibody; ARA, anti-RINA polymerase Il antibody; ATA, anti-
topoisomerase | antibody; dcSSc, diffuse cutaneous SSc; ESR, erythrocyte
sedimentation rate; IcSSc, imited cutaneous SSc; mRSS, modified Rodnan skin score;

RP. Raynaud's phenomenon: SSc, systemic sclerosis.
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