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Idiopathic Pulmonary Fibrosis (IPF) is a chronic fibrotic interstitial lung disease (ILD) of unknown etiology, characterized by increasing incidence and intricate pathogenesis. Current FDA-approved drugs suffer from significant side effects and limited efficacy, highlighting the urgent need for innovative therapeutic agents for IPF. Natural products (NPs), with their multi-target and multifaceted properties, present promising candidates for new drug development. This review delineates the anti-fibrotic pathways and targets of various natural products based on the established pathological mechanisms of IPF. It encompasses over 20 compounds, including flavonoids, saponins, polyphenols, terpenoids, natural polysaccharides, cyclic peptides, deep-sea fungal alkaloids, and algal proteins, sourced from both terrestrial and marine environments. The review explores their potential roles in mitigating pulmonary fibrosis, such as inhibiting inflammatory responses, protecting against lipid peroxidation damage, suppressing mesenchymal cell activation and proliferation, inhibiting fibroblast migration, influencing the synthesis and secretion of pro-fibrotic factors, and regulating extracellular matrix (ECM) synthesis and degradation. Additionally, it covers various in vivo and in vitro disease models, methodologies for analyzing marker expression and signaling pathways, and identifies potential new therapeutic targets informed by the latest research on IPF pathogenesis, as well as challenges in bioavailability and clinical translation. This review aims to provide essential theoretical and technical insights for the advancement of novel anti-pulmonary fibrosis drugs.
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1 INTRODUCTION
Pulmonary fibrosis (PF) is a progressive lung disease characterized by high mortality, abnormal proliferation of lung fibroblasts, inflammatory damage, tissue destruction, and scarring (Thannickal et al., 2004). Based on etiology, PF can be classified into idiopathic pulmonary fibrosis (IPF) and progressive pulmonary fibrosis (PPF). IPF, the most common idiopathic form, is defined by a radiological or histopathological pattern of usual interstitial pneumonia (UIP) without an identifiable cause. In contrast, PPF refers to progressive fibrotic changes observed in non-IPF interstitial lung diseases (ILDs)—such as connective tissue disease-associated ILD or hypersensitivity pneumonitis—evidenced by declining lung function, worsening symptoms, or radiological progression. Although both subtypes lead to irreversible lung damage, they differ distinctly in clinical context and management strategies. Key distinctions include etiology (IPF is idiopathic, whereas PPF is secondary to an underlying ILD), diagnostic criteria (IPF is identified by characteristic UIP patterns, while PPF is defined by documented disease progression), and therapeutic approaches (IPF is primarily managed with antifibrotic agents such as nintedanib and pirfenidone, whereas PPF typically requires a combination of disease-specific interventions and antifibrotic therapy) (Koudstaal et al., 2023; Liu et al., 2022a). In this review, we will focus specifically on the pathogenesis and emerging therapeutic strategies targeting IPF, given the fact that IPF represents the majority of PF cases and poses unique treatment challenges.
IPF predominantly affects individuals over 60 years and is more common in men. Early-stage IPF is typically asymptomatic and lacks simple, user-friendly screening tools for early detection, often leading to diagnosis at an advanced stage. Moreover, the absence of clinically applicable biomarkers to guide treatment throughout the disease course, coupled with limited therapeutic options and a median survival of only 3–5 years post-diagnosis, underscores the urgent need for better diagnostic and therapeutic strategies (Koudstaal et al., 2023; Bonella et al., 2023). The pathogenesis of IPF involves complex molecular interactions that contribute to its poor prognosis and limited survival. As summarised in Table 1, although first-generation antifibrotic drugs, such as pirfenidone and nintedanib—approved over a decade ago—have demonstrated efficacy in slowing IPF progression and improving survival rates in clinical trials, their benefits are constrained by significant side effects (e.g., nausea, diarrhea, and photosensitivity) that compromise long-term tolerability (King et al., 2011; Maher, 2024). Moreover, although multiple anti-IPF drugs in the preclinical research stage (Table 2) reduce the rate of lung function decline in clinical studies (Maher, 2024; Lamb, 2021; King et al., 2014), they fail to halt or reverse fibrosis progression, thereby highlighting the urgent demand for innovative therapeutic approaches (Flaherty et al., 2019; Behr et al., 2021).
TABLE 1 | Summary of FDA-approved drugs for idiopathic pulmonary fibrosis.
[image: Table 1]TABLE 2 | Ongoing randomized clinical trials of antifibrotic drugs for treatment of idiopathic pulmonary fibrosis.
[image: Table 2]Compared to traditional synthetic drugs, natural products (NPs) exhibit higher structural diversity and complexity, characterized by a greater number of SP3-hybridized carbon atoms (Atanasov et al., 2021). Advances in the study of NPs have highlighted their favorable pharmacological profiles and broad biological activities, positioning them as significant lead compounds for new drug development. Research efforts are increasingly focused on the biological activity screening, drug targets, mechanisms of action, and drugability of NPs, marking a pivotal direction in pharmaceutical research (Haque et al., 2022). Cutting-edge technologies, such as single-cell RNA sequencing (scRNA-seq), have propelled systems biology forward, revealing that many disease phenotypes are driven by networks of molecular interactions, thereby offering new avenues for drug development (Moss et al., 2022). For instance, in oncology, 53.3% of new drugs developed between 1946 and 1980 were either natural products or derivatives thereof, with a reduced but still significant proportion of 33.5% from 1981 to the present (Newman and Cragg, 2020). Similarly, the structural influence of NPs has been substantial in the field of anti-fibrotic treatments, leading to notable advancements (Henderson et al., 2020). These findings underscore the efficacy of NPs against fibrosis.
PF results from dysregulated tissue repair following injury, particularly mediated by chronic inflammatory responses, which ultimately leads to fibrotic scarring. The effector cells implicated in PF are fibroblasts and myofibroblasts, which differentiate under the influence of local growth factors in IPF. Additionally, the excessive accumulation of extracellular matrix (ECM) components such as collagen disrupts mesenchymal integrity. ECM remodeling, involving the release of matrix metalloproteinases (MMPs), adversely affects alveolar ventilation. Thus, the activation and differentiation of local fibroblasts, the secretion of inflammatory mediators, and ECM synthesis are primary drivers of PF (Thannickal et al., 2004) (Figure 1). Various studies have validated the anti-inflammatory and anti-fibrotic potential of alkaloids (Liu et al., 2023), polysaccharides, flavonoids, peptides, terpenoids, and polyphenols (Ding et al., 2019). These compounds have demonstrated efficacy in inhibiting inflammatory responses, protecting against lipid peroxidation, suppressing mesenchymal cell activation and proliferation (Midgley et al., 2020), influencing the synthesis and secretion of pro-fibrotic factors (Li et al., 2017a), and regulating ECM synthesis and degradation, thereby offering therapeutic benefits for an anti-fibrotic treatment. Compounds such as baicalein, ginsenosides, natural polysaccharides (Chen et al., 2018; Chen et al., 2020), and flavonoids (Qian et al., 2018) have shown potential in inhibiting fibroblast proliferation and differentiation and reducing ECM synthesis by modulating various signaling pathways, including STAT3/miR-21/Spry1, Smad2/CTGF, Wnt/β-Catenin, and β-Catenin, thereby mitigating tissue fibrosis progression, as summarised in Figures 2, 3, and Tables 3–6.
[image: Figure 1]FIGURE 1 | Potential Mechanism of Idiopathic Pulmonary Fibrosis (IPF) and Therapeutic Targets. Biophysical forces generated by normal respiration maintain AT1 cell identity and limit its differentiation into AT2 cells through the Cdc42 and Ptk 2 pathways. Epithelial injury signaling in the diseased alveoli triggers the secretion of IL-11 by fibroblasts, promoting fibroblast proliferation, migration, invasion, and myofibroblast differentiation. During the normal repair of the alveoli, AT2 cells differentiate into persistent KRT 17+epithelial cells as a transition state, from which they then differentiate into AT1 cells. Macrophages interact with other cells to remove debris without disrupting normal gas exchange in the alveoli. However, in the process of disordered repair of alveoli, AT1 cells die, AT2 cells are abnormally activated and produce PDGF and CTGF, and KRT17 + cells produce a large amount of connective tissue and activate TGF- β, promoting the proliferation of fibroblasts into myofibroblasts. Profibrotic alveolar macrophages are recruited, and their secreted PDGF promotes the activation and proliferation of fibroblasts and their differentiation into myofibroblasts. In the mutual positive feedback, the myofibroblasts secrete an excessive ECM, leading to a stiffening of the lung tissue and increased fibrosis. Abbreviations: AT1, type 1 alveolar cell; Cdc42, Cell division control protein 42 homolog; CTGF, connective tissue growth factor; ECM, extracellular matrix; KRT17, Keratin 17; IL11, interleukin 11; PDGF, Platelet-derived growth factor; Ptk2, Protein tyrosine kinase 2, also known as FAK1; TGF-β, Transforming growth factor beta.
[image: Figure 2]FIGURE 2 | Mechanism of Targeted Therapy by Terrestrial-Derived Natural Products. Natural compounds from terrestrial sources combat pulmonary fibrosis via targeting key pathways: 1) Flavonoids inhibit TGF-β/Smad2/3 phosphorylation, attenuating fibrotic progression; 2) Cyclic peptides activate AMPK, reducing STING overexpression, 3) Polyphenols and terpenes inhibit TGF-β1 signaling, downregulate Smad3/4 and inhibit the promoting effect of HSP47 on collagen fiber formation to combat fibrosis; 4) Polysaccharides inhibit AUF1-mediated FOXO3 expression, reducing oxidative stress and fibrosis progression; 5) Flavonoids target NF-κB signaling in lung fibroblasts and IPF mouse models; 6) Saponins regulate NF-κB/p65 pathway in cell models; 7) Flavonoids inhibit TGF-β1 pathway via Jak2-Stat3/Stat1 signaling, hindering fibrosis; 8) Saponins suppress PI3K/AKT pathway and MMPs in bleomycin mouse models to alleviate fibrosis. These natural compounds demonstrate therapeutic potential in managing pulmonary fibrosis by modulating specific molecular pathways associated with the condition. Abbreviations: AKT, Protein kinase B (PKB), also known as Akt; AMPK, AMP-activated protein kinase; AUF1, AU-rich element RNA-binding factor 1; FOXO3, Forkhead box O3, also known as FOXO3 or FOXO3a; Jak2, Janus kinase 2; STAT3, Signal transducer and activator of transcription 3; PI3K, Phosphoinositide 3-kinases, also called phosphatidylinositol 3-kinases; TGF-β, Transforming growth factor beta; NF-κB, nuclear factor kappa B; HSP47, heat shock protein47.
[image: Figure 3]FIGURE 3 | Mechanism of Targeted Therapy by Marine-Derived Natural Products. Marine-derived anti-pulmonary fibrosis compounds target key pathways: 1) Brown algal polysaccharides and deep-sea fungal alkaloids inhibit TGF-β/Smad signaling, reducing fibrotic progression; 2) Natural polysaccharides block NF-κB pathway, limiting EMT and collagen synthesis; 3) Polysaccharides inhibit PDGF-induced PI3K/AKT pathway, mitigating fibrosis progression; 4) Spirulina proteins decrease IL-6, TNFα, and MPO levels, potentially combating pulmonary fibrosis. Abbreviations: AKT, Protein kinase B (PKB), also known as Akt; EMT, Epithelial-to-mesenchymal transition; PDGF, MPO, Myeloperoxidase; Platelet-derived growth factor; PI3K, Phosphoinositide 3-kinases, also called phosphatidylinositol 3-kinases; TGF-β, Transforming growth factor beta; TNFα, Tumor necrosis factor alpha; NF-κB, nuclear factor kappa B.
TABLE 3 | Summary of terrestrial natural products for the antifibrotic treatment of idiopathic pulmonary fibrosis.
[image: Table 3]While significant progress has been made in using small molecule NPs for liver and kidney fibrosis and lung cancer treatment, literature specifically addressing NPs directly targeting IPF remains sparse. This review aims to bridge this gap by examining the pathological effects of IPF and summarizing relevant NPs based on core pathological pathways and targets of anti-fibrotic disease. Utilizing literature from the Web of Science and PubMed databases (2013-up to date), we identified keywords such as “natural products,” “anti-pulmonary fibrosis,” and “drug screening.” We systematically screened the collected literature according to the sources and mechanisms of action of NP drugs, discussing the anti-pulmonary fibrosis processes of over 20 compounds from terrestrial and marine sources. Additionally, this review outlines various methods for establishing in vivo and in vitro disease models, techniques for analyzing disease markers or signaling pathways, and insights from multi-omics analyses, providing essential theoretical and technical references for the development of new anti-pulmonary fibrosis (pro)-drugs.
2 OVERVIEW OF IDIOPATHIC PULMONARY FIBROSIS
2.1 Characterization of idiopathic pulmonary fibrosis
Histologically, IPF is characterized by UIP patterning, in which the lung interstitium—a band-like tissue supporting alveoli—undergoes ECM deposition and architectural disorganization (Bonella et al., 2023). The pathological process typically initiates at the lung bases and periphery, where aberrant ECM accumulation progressively replaces functional parenchyma. This results in interstitial thickening, fibrotic alveolar septal collapse, terminal airway dilatation, and traction bronchiectasis/bronchiolectasis. Over time, persistent remodeling culminates in honeycombing—a hallmark of end-stage fibrosis—with irreversible structural distortion. As fibrotic tissue encroaches on alveoli, gas exchange becomes severely compromised, driving progressive respiratory dysfunction, clinical deterioration, and poor outcomes despite therapeutic interventions (George et al., 2019).
2.2 Pathogenesis and therapeutic targets of idiopathic pulmonary fibrosis
2.2.1 Alveolar epithelial cell injury and abnormal repair
The etiology and pathogenesis of PF, particularly IPF, are largely undetermined, but notable advancements and consensus have been achieved in the field. IPF is generally believed to result from aberrant wound healing responses following damage to alveolar epithelial cells (AECs). Normally, AECs exhibit sophisticated and efficient repair mechanisms, with wound healing progressing through four distinct stages: coagulation/clotting, inflammatory cell migration, fibroblasts migration/proliferation/activation, and tissue remodeling and degradation (Raghu et al., 2022a; Spagnolo et al., 2021). However, factors such as cigarette smoking, subclinical infections, environmental pollutants, occupational exposures, chronic microaspiration of gastric content, abnormal lung microbiota composition, and genetic predisposition may cause repeated AEC injury (Bonella et al., 2023). This repeated injury leads to aberrant repair processes, excessively activating various inflammatory responses, repair pathways, and signaling pathways, resulting in the secretion of numerous cytokines.
Complex bidirectional interactions between epithelial cells, mesenchymal cells, and ECM subsequently induce a series of cellular events, including fibroblasts differentiation into myofibroblasts, migration, proliferation, and activation of AECs and fibroblasts, inhibition of apoptosis, and persistent abnormal ECM secretion. The continuous ECM deposition in the lung interstitium between alveoli and capillaries leads to irreversible structural changes and lung damage (Raghu et al., 2022a; Spagnolo et al., 2021). Within the lung epithelial tissue, alveolar epithelial type I (AT1) cells are the primary mediators of gas exchange, occupying most of the epithelial surface. Alveolar type II epithelial (AT2) cells act as progenitor cells for AT1, capable of differentiating into AT1 cells to renew and repair alveolar epithelial tissue while secreting surfactant, aiding in metabolic and immune functions. The differentiation of AT2 into AT1 is critical for maintaining normal lung function (Liu et al., 2022a; Moss et al., 2022; Herrera et al., 2018).
Alveolar epithelial wound repair is a complex, coordinated process. Persistent imbalance or injury at any stage of tissue repair can lead to fibrosis, progressing to various lung diseases. AT2 cells senescence, apoptosis, abnormal differentiation, and reduced abundance can impair alveolar epithelial repair and significantly contribute to PF. In IPF, AT2 cells senescence, apoptosis, abnormal differentiation, and decreased abundance are prevalent in the gas exchange regions of the lungs. Factors such as endoplasmic reticulum stress, mitochondrial dysfunction, and telomere shortening within these cells impede their ability to repair damaged epithelium effectively (Moss et al., 2022; Yao et al., 2021). Additionally, repetitive alveolar epithelial micro-injury, preventing AT2 cells from differentiating into AT1, results in abnormal alveolar epithelial regeneration and repair, increasing mechanical tension, which activates TGF-β signaling in AT2 cells (Moss et al., 2022). The aberrant TGF-β signaling induces the epithelial-mesenchymal transition (EMT), so that they acquire the characteristics of migration and secretion of ECM, directly promoting fibrosis (Wu et al., 2020) (Figure 1).
2.2.2 Fibroblast-to-myofibroblast transformation and ECM deposition
The excessive transformation of fibroblasts into myofibroblasts during IPF progression is another critical factor. Under normal conditions, fibroblasts maintain ECM homeostasis. However, during acute injury, chronic inflammation, or repeated micro-injury, fibroblasts lose this balance and transform into myofibroblasts for repair. Myofibroblasts, characterized by enhanced proliferation and migration capabilities, secrete numerous cytokines and ECM, expressing proteins like alpha-smooth muscle actin (α-SMA), contributing to damage repair (Hinz and Lagares, 2020; Younesi et al., 2024). In IPF, excessive myofibroblast proliferation, apoptosis evasion, and invasiveness drive disease progression. Epithelial cell-secreted TGF-β promotes myofibroblast differentiation and proliferation, leading to further ECM deposition and accelerating disease progression. Inhibiting myofibroblast ECM secretion and contraction, as well as fibroblast-to-myofibroblast transformation (FMT), is a pivotal therapeutic approach for organ fibrosis (Hinz and Lagares, 2020; Mayr et al., 2024).
2.2.3 MMP networks
ECM deposition is a hallmark of IPF, reflecting an imbalance between increased ECM synthesis and dysregulated degradation that culminates in irreversible scarring. At the molecular level, ECM degradation is mainly mediated by MMPs, the zinc-dependent endopeptidases secreted by macrophages, fibroblasts, NK cells, and neutrophils following tissue injury (Greenlee et al., 2007). Fibrotic scar tissues, primarily composed of cross-linked type I collagen fibers, is initially degraded by collagenases (e.g., MMP-1, MMP-2, MMP-8, MMP-13, MMP-14, MMP-15, and MMP-16), followed by gelatinases (e.g., MMP-2 and MMP-9) and other proteases (Sang, 1998; Karsdal et al., 2016). Beyond ECM degradation, MMPs also play critical roles in regulating inflammation and cellular behaviour by modulating growth factors, cytokines, chemokines, and cell surface receptors, thereby orchestrating a complex network of signaling events that ultimately drive IPF progression (Karsdal et al., 2016).
In IPF, dysregulated MMP expression and function drive disease progression through diverse mechanisms. For instance, MMP-3 promotes EMT by activating Wnt/β-catenin and TGF-β signaling pathways, while simultaneously inducing fibroblast proliferation and collagen deposition, as demonstrated by reduced fibrosis in MMP-3-knockout mice following bleomycin challenge (Pardo et al., 2016; Roque et al., 2020). Similarly, MMP-7, which is highly expressed in IPF lung tissue and plasma, is secreted by damaged AECs and drives fibrosis through multiple mechanisms, including cleaving basement membrane components such as E-cadherin and integrin β4, activating bioactive molecules including osteopontin and TGF-β, and promoting fibroblast activation and collagen deposition (Richards et al., 2012). Consequently, MMP-7 deficiency attenuates fibrosis, and its serum levels have emerged as a potential diagnostic biomarker for IPF (Richards et al., 2012; White et al., 2016).
Beyond these direct profibrotic actions, MMPs also modulate the fibrotic microenvironment through complex feedback loops with other cellular components. For example, MMP-9, produced by both AECs and Thy-1-negative fibroblasts, not only activates TGF-β to sustain a profibrotic cycle but also enhances fibroblast migration and collagen deposition (Kobayashi et al., 2014), thereby contributing to abnormal alveolar bronchiolization. Meanwhile, the circulating fibrocytes—CD45+/collagen+ bone marrow-derived cells—exploit the proteolytic activity of MMP-2, MMP-8, and MMP-9 to degrade ECM barriers, facilitating their migration into lung tissue and subsequent differentiation into myofibroblasts (Kobayashi et al., 2014; Espindola et al., 2021). Furthermore, MMPs critically modulate inflammation and immune responses that fuel fibrosis progression. Elevated MMP-8 levels in IPF bronchoalveolar lavage fluid (BALF) exacerbate neutrophil-mediated inflammation and fibrosis by cleaving anti-inflammatory factors like IL-10. Similarly, MMP-28 (Epilysin) regulates macrophage polarization, with knockout mice showing reduced M2 macrophage infiltration and attenuated fibrosis (Roque et al., 2020). These findings collectively underscore the multifaceted roles of MMPs in IPF pathogenesis, functioning not merely as ECM modifiers but as dynamic regulators of cellular crosstalk, immune responses, and signaling pathways that collectively drive fibrotic progression.
However, paradoxically, certain MMPs demonstrate context-dependent antifibrotic potential, suggesting protective roles under specific conditions. For instance, although MMP-1 efficiently degrades collagen, it is predominantly expressed in AECs during IPF, where it promotes epithelial repair and inhibits apoptosis—effects suppressed by the dominant profibrotic mediator TGF-β (Sang, 1998; Richards et al., 2012; Kobayashi et al., 2014; Link et al., 2025). Similarly, MMP-19 exerts protective effects by inhibiting fibroblast activation through prostaglandin E2 (PGE2)-mediated pathways and preserving non-fibrotic lung regions (Yu et al., 2012). These findings underscore the multifaceted roles of MMPs in IPF, warranting careful consideration in the development of targeted therapies.
Collectively, MMPs drive IPF by activating TGF-β, altering ECM biomechanics, and sustaining myofibroblast survival, making them therapeutic targets. However, their functional heterogeneity and organ-specific roles demand highly specific strategies. Challenges include safety concerns (e.g., impaired wound healing from long-term MMP inhibition) and functional redundancy, where MMP-2 or MMP-12 might compensate for MMP-9 inhibition, necessitating multi-target inhibitors or combination therapies (Greenlee et al., 2007; Sang, 1998; Karsdal et al., 2016; Pardo et al., 2016; Roque et al., 2020; White et al., 2016; Kobayashi et al., 2014; Espindola et al., 2021; Sun et al., 2020; Lin et al., 2023; Khan et al., 2024). Future research should integrate multi-omics to dissect dynamic MMP networks and advance precision-targeted or combinatorial approaches to improve IPF treatment.
2.2.4 Collagen assembly and fibrogenesis: the key role of HSP47
HSP47 (Serpin H1) is indispensable for the efficient secretion, processing, fibril assembly, and deposition of collagen in the ECM. As an endoplasmic reticulum (ER)-resident, collagen-specific molecular chaperone, HSP47 binds to the Yaa-Gly-Xaa-Arg-Gly motif within procollagen triple helices via hydrophobic and hydrophilic interactions. This binding prevents misfolding and aggregation of procollagen and facilitates its transport to the Golgi apparatus (Okuno et al., 2021; Bellaye et al., 2021).
Clinical and preclinical evidence supports a critical role for HSP47 in fibrogenesis. Lung tissues from IPF patients show significantly elevated HSP47 expression, which positively correlates with collagen deposition (Okuno et al., 2021; Khan and Däinghaus, 2024). In bleomycin-induced murine models of pulmonary fibrosis, both pharmacological inhibition and siRNA-mediated silencing of HSP47 reduce collagen accumulation and improve lung architecture and function (Bellaye et al., 2021; Sakamoto et al., 2023). Moreover, elevated serum HSP47 levels in various interstitial lung diseases, including acute interstitial pneumonia, further underscore its potential as a biomarker for fibrotic progression (Sakamoto et al., 2023).
Furthermore, HSP47’s fibrogenic role is not isolated but intricately linked to key profibrotic signaling cascades, particularly those mediated by TGF-β. TGF-β1 upregulates HSP47 expression through the MAPK signaling pathway, thereby promoting excessive collagen synthesis (Khan and Däinghaus, 2024; Ito and Nagata, 2017). HSP47 stabilizes collagen to increase ECM stiffness, which further amplifies TGF-β signaling. This establishes a self-perpetuating cycle that exacerbates fibroblast activation and fibrotic progression. Additionally, the inflammatory cytokine IL-1β synergizes with TGF-β to activate heat shock factor 1 (HSF1), which transcriptionally upregulates HSP47, forming a pro-fibrotic positive feedback loop (Sakamoto et al., 2023). These findings collectively indicate that targeting HSP47—either directly or via its upstream regulatory pathways—may effectively disrupt pathological collagen metabolism, offering novel therapeutic opportunities for IPF management.
2.3 Molecular mechanisms and current research on drug therapy for idiopathic pulmonary fibrosis
The global prevalence of IPF has been rising, although some studies suggest a decline in overall mortality, potentially linked to reduced smoking rates, decreased use of immunosuppressants, and new therapies (Jeganathan et al., 2021). Clinically, pirfenidone and nintedanib, approved by the U.S. Food and Drug Administration (FDA) for IPF treatment, effectively slow the decline in forced vital capacity (FVC) and reduce mortality risk, though their mechanisms of action and safety profiles differ (Raghu et al., 2022a).
Pirfenidone is an orally administered synthetic compound with multiple mechanisms of action. At the cellular level, pirfenidone inhibits fibroblast activation and proliferation, including downregulation of genes related to fibroblast activation such as α-SMA (Maher, 2024; Nathan et al., 2017; Noble et al., 2011). In terms of anti-inflammatory effects, it suppresses the production of pro-inflammatory cytokines—including TNF-α, IL-1β, and IL-6—which are crucial contributors to the chronic inflammatory milieu in IPF (Conte et al., 2014; Jin et al., 2019). By reducing inflammatory cytokine release and alleviating oxidative stress–induced damage to lung epithelial cells, pirfenidone can mitigate the fibrotic process (Bonella et al., 2023; Solomon et al., 2023). In addition, it blocks the pro-proliferative effects of platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF), thereby curtailing abnormal fibroblast activation and delaying disease progression (Conte et al., 2014; Jin et al., 2019). Despite these benefits, pirfenidone is associated with adverse events such as gastrointestinal intolerance and skin reactions, which are typically mild to moderate and often reversible upon dose adjustment (King et al., 2014; Behr et al., 2021; Spagnolo et al., 2021).
Nintedanib is a potent receptor tyrosine kinase inhibitor that targets multiple signaling pathways implicated in IPF. By blocking PDGF-BB/PDGFRβ signaling, it reduces fibroblast proliferation and migration (Maher, 2024; Lamb, 2021; Wollin et al., 2015). Additionally, it inhibits FGF/FGFR signaling, thereby diminishing fibroblast activation and ECM synthesis, and suppresses vascular endothelial growth factor (VEGF)/VEGFR signaling to lower vascular permeability and abnormal angiogenesis—indirectly limiting the fibrotic microenvironment (Lamb, 2021; Flaherty et al., 2019; Huang et al., 2017). Nintedanib also interferes with PI3K-Akt and other downstream pathways, inducing fibroblast apoptosis and restricting their survival. Furthermore, it exerts anti-inflammatory effects by inhibiting inflammatory mediators (e.g., IL-1β, IL-6) and reducing macrophage and neutrophil infiltration (Liu et al., 2022a; Huang et al., 2017). Collectively, by disrupting fibroblast proliferation, migration, and differentiation into myofibroblasts, nintedanib blocks fibrosis progression (Liu et al., 2022a; Spagnolo et al., 2021). Nevertheless, its side effects—including gastrointestinal issues and liver function abnormalities—necessitate careful monitoring during treatment (Flaherty et al., 2019; Richeldi et al., 2014).
In advanced stages of IPF, comorbidities such as pulmonary hypertension and acute exacerbations significantly worsen symptoms (Maher, 2024; George et al., 2019; Richards et al., 2012). The annual incidence of acute exacerbations is about 10%, often leading to high mortality—up to 3 months post-exacerbation (Spagnolo et al., 2021; Richards et al., 2012; Solomon et al., 2023; Teague et al., 2022). Given the lack of curative treatments, substantial resources have been invested in research and clinical trials to develop new therapies. However, numerous trials, especially in Phase II and III, have failed to achieve their primary endpoints (Liu et al., 2022a; Bonella et al., 2023; Solomon et al., 2023). For example, BG00011 is a humanized anti-αvβ6 IgG1 monoclonal antibody designed to inhibit αvβ6 binding to latent TGF-β, thereby blocking TGF-β activation following tissue injury or inflammation. After positive results in Phase IIa, a Phase IIb study evaluated the efficacy and safety of a 56 mg (approximately 0.7 mg/kg) flat dose of BG00011 compared with placebo in a larger IPF cohort, both with and without background therapy (pirfenidone or nintedanib). However, long-term BG00011 exposure induced acute exacerbations and inflammation, leading to reduced survival rates, and the drug was ultimately discontinued from clinical development (Raghu et al., 2022b). Alongside these trial failures, other major challenges in developing novel IPF therapies include inadequate animal models, insufficient interventions targeting epithelial repair, and a limited understanding of how cellular senescence contributes to fibrosis (Mora et al., 2017). These unresolved issues underscore the complexity of IPF and highlight the urgent need for novel, mechanism-based therapeutic strategies.
Given these setbacks in novel drug development, alternative strategies such as drug repurposing have gained traction in IPF research. For example, metformin, an oral antidiabetic agent, has demonstrated potential in reversing fibrosis in a bleomycin-induced mouse model. The study showed that metabolically active and apoptosis-resistant fibrotic regions in IPF patients and mouse models exhibited low expression of AMP-activated protein kinase (AMPK). Metformin, an AMPK activator, inhibits TGF-β1-induced myofibroblast differentiation by promoting AMPK expression, leading to myofibroblast deactivation and apoptosis, reduction in the expression of type I collagen, fibronectin (FN), and α-SMA in fibroblasts, and downregulation of ECM protein levels, thereby slowing or reversing PF (Rangarajan et al., 2018). Similarly, Saracatinib, a selective Src family kinase inhibitor, has shown considerable promise for IPF treatment (Li et al., 2020). Computational drug repositioning revealed an inverse transcriptomic correlation between Saracatinib’s signature and IPF disease signatures, suggesting its antifibrotic potential. Mechanistically, Saracatinib inhibits TGF-β-induced Smad3 phosphorylation, thereby suppressing key fibrotic markers—such as α-SMA, type I collagen, and plasminogen activator inhibitor-1 (PAI-1)—in human lung fibroblasts, while reversing EMT-related pathways (Ahangari et al., 2022). In both bleomycin- and Ad-TGF-β-induced murine pulmonary fibrosis models, saracatinib significantly reduced lung hydroxyproline (an indicator of collagen deposition), improved lung compliance, and attenuated radiographic abnormalities, with efficacy comparable or superior to nintedanib and pirfenidone (Hu et al., 2014; Baselga et al., 2010). Ex vivo experiments using precision-cut lung slices from IPF patients and mouse models further confirmed saracatinib’s ability to downregulate fibrotic genes, reduce collagen accumulation, and decrease α-SMA-positive areas. Transcriptomic analyses indicated that saracatinib reversed dysregulated IPF pathways—including EMT, immune responses, and ECM organization—all of which relied on Src kinase activity (Ahangari et al., 2022). Collectively, these findings underscore the promise of repurposing existing drugs for IPF treatment, potentially accelerating the translation of effective therapies into clinical practice.
While drug repurposing offers convenience and safety advantages, providing a new avenue for IPF treatment, clinical testing remains essential. Although pirfenidone and nintedanib can decelerate disease progression, they do not stabilize or improve lung function, halt or reverse disease progression, or cure the disease. Given their side effects, tolerance, and safety issues, developing new drugs remains challenging. Therefore, advancing clinical trials and exploring new screening methods for potential drugs and molecular targets are crucial to addressing the current limitations in IPF treatment and diagnostics.
3 THERAPEUTIC POTENTIAL OF NATURAL PRODUCTS FOR IDIOPATHIC PULMONARY FIBROSIS
NPs, derived from both terrestrial and marine sources, have significantly influenced the field of IPF treatment. This chapter categorizes NPs into terrestrial and marine sources, examining their distinct chemical structures and biological activities. Terrestrial NPs encompass a variety of classes including polyphenols, flavonoids, isoflavonoids, saponins, terpenoids, biphenyls, alkaloids, and cyclic peptides (Tables 3, 4). Similarly, marine environments have yielded numerous pharmacologically active NPs (Tables 5, 6). These compounds demonstrate a wide spectrum of chemical structures and biological activities, targeting multiple mechanisms and holding considerable potential for drug development. In contemporary medical research, the structural diversity and biological activities of NPs have garnered substantial attention in developing anti-IPF drugs. The following sections detail the mechanisms by which various NPs act on different targets, illustrating their prospective applications in antifibrotic drug research.
TABLE 4 | Summary of terrestrial natural products regarding the efficacy and medication use.
[image: Table 4]TABLE 5 | Summary of marine natural products for the antifibrotic treatment of idiopathic pulmonary fibrosis.
[image: Table 5]TABLE 6 | Summary of marine natural products regarding the efficacy and medication use.
[image: Table 6]3.1 Overview of targeted signaling pathways of natural products
The NPs exhibit therapeutic potential in IPF by modulating key signaling pathways involved in inflammation, myofibroblast activation, oxidative stress, and ECM deposition. Among these, the NF-κB, TGF-β/Smad, AMPK, Nrf2, and PI3K/Akt pathways stand out as key regulators. Below, we summarize how each pathway contributes to IPF pathogenesis and highlight representative NPs that target these molecular mechanisms.
3.1.1 NF-κB signaling
The NF-κB pathway is a critical mediator of inflammation and is aberrantly activated in various diseases, including breast, lung, and colon cancers (Baker et al., 2011). When AECs are damaged by oxidative stress, infection, or mechanical injury, NF-κB can be triggered via pattern recognition receptors (e.g., TLR4) or pro-inflammatory factors (TNF-α, IL-1β). This activation enhances the expression of TNF-α, IL-6, CCL2, and MCP-1, leading to intensified local inflammation and exacerbation of fibrosis development (Dong et al., 2022). Additionally, immune cells (e.g., macrophages, neutrophils) activated by NF-κB secrete cytokines (e.g., TNF-α, IL-1β), which further stimulate NF-κB in AECs, amplifying the inflammatory cascade in IPF (Baker et al., 2011; Li et al., 2017b).
Identifying NF-κB inhibitors is therefore crucial for antifibrotic therapy, for which multiple NPs have shown promise. For example, phycocyanin (Li et al., 2017b) and β-carboline alkaloids found in Xuelingzhi (Cui et al., 2019) can both inhibit NF-κB, thereby suppressing the recruitment and activation of inflammatory cells. Additionally, juglanin, extracted from crude “Polygonum aviculare”, has also been shown to inhibit the NF-κB pathway (Dong and Yuan, 2018). Similarly, phycocyanin can inhibit the abnormal activation of AECs through the TLR2-MyD88-NF-κB signaling mediated by TLR2 (Li et al., 2017b), thus reducing the secretion of ECM components and pro-inflammatory cytokines/chemokines, such as IL-6, CCL2, and CXCL1 (Li et al., 2017a). Furthermore, β-carboline alkaloids from snow fungus exhibit anti-inflammatory activity by inhibiting NF-κB signaling (Cui et al., 2019). These natural compounds demonstrate considerable potential in modulating NF-κB signaling, thereby offering therapeutic benefits in attenuating inflammation-driven fibrotic progression in IPF.
3.1.2 TGF-β1/smad pathway
The TGF-β signaling pathway is a principal therapeutic target in IPF, as it is prominently upregulated and activated during fibrotic progression. Specifically, TGF-β1/Smad signaling significantly contributes to IPF pathogenesis by facilitating the activation, proliferation, and differentiation of epithelial cells and collagen-producing myofibroblasts, ultimately exacerbating ECM deposition and fibrosis development (Wu et al., 2021; Peng et al., 2022). In murine fibrosis models, overexpressed TGF-β binds to type II TGF-β receptor (TβRII) forming a heterodimer with TβRI, leading to excessive activation and phosphorylation of Smad2/3 proteins. Activated Smad2/3 then translocate into the nucleus, initiating transcriptional regulation of numerous fibrotic genes, triggering fibroblast phenotype transformation, promoting EMT, and significantly enhancing ECM accumulation (Peng et al., 2022; Derynck and Zhang, 2003; Massagué, 2012). Furthermore, TGF-β also activates the PI3K-Akt and Erk pathways, facilitating EMT, collagen accumulation, and inflammatory responses, further exacerbating fibrosis development (Wu et al., 2021).
Considering the crucial pathological role of the TGF-β/Smad pathway, the therapeutic potential of various natural products in IPF treatment has been explored and reported. For example, compounds such as Biochanin-A (BCA) (Andugulapati et al., 2020), Inonotus sanghuang extract (ISE) from ethyl acetate fraction (Su et al., 2021), salvianolic acid B (Liu et al., 2016), total ginsenosides (TG) (Yang et al., 2019), Dendrobium officinale (Chen et al., 2018), the amino acid EZY-1 (Yu et al., 2019), and low molecular weight fucoidan (LMWF) (Wu et al., 2021) were shown to effectively inhibit this signaling in bleomycin-induced mouse models of pulmonary fibrosis. Additionally, in vitro studies confirm that LMWF (Wu et al., 2021) alleviates EMT and fibrotic phenotype by simultaneously blocking TGF-β/Smad and PI3K/Akt pathways in A549 cells, indicating multifaceted therapeutic effects. Furthermore, tanshinone IIA (Tan IIA) (Feng et al., 2020a), derived from traditional Chinese medicine Salvia miltiorrhiza (Danshen), robustly suppresses TGF-β1/Smad signaling, inhibiting collagen I, collagen III, and α-SMA expression, effectively reducing fibrosis severity in a silica-induced pulmonary fibrosis model using Wistar rats. In another example, triptolide (Lin et al., 2023) exhibited antifibrotic effects in a mouse model of chest ion irradiation-induced lung injury. Moreover, trichocarboline A, a β-carboline alkaloid from the deep-sea fungus Trichoderma MCCC 3A01244 (Hao et al., 2022), was further tested to found to reduce pulmonary fibrosis by downregulating Smad2 and Smad3 phosphorylation, thereby directly inhibiting TGF-β/Smad signal transduction in human lung fibroblast cell lines (HFL1). These findings collectively underscore the cross-species and multi-model efficacy of natural products in targeting the TGF-β/Smad pathway, highlighting their promise as therapeutic agents for IPF.
3.1.3 AMPK pathway
AMPK is an energy sensor activated under energy-deficient conditions to regulate cellular metabolism (Hardie et al., 2012). Upon activation, it inhibits energy-consuming pathways and promotes energy-generating processes, thereby maintaining cellular homeostasis. Additionally, AMPK also promotes autophagy, facilitating the clearance of damaged organelles and proteins—an essential process for delaying or preventing fibrosis (El-Horany et al., 2023). In the bleomycin-induced mouse model of pulmonary fibrosis, the AMPK activator metformin reverses established fibrosis by suppressing TGF-β1-driven collagen and FN production, enhancing mitochondrial biogenesis, restoring myofibroblast susceptibility to apoptosis, and promoting autophagy-mediated ECM degradation (Rangarajan et al., 2018; Kheirollahi et al., 2019). Moreover, heterophyllin B, isolated from Radix Pseudostellariae, ameliorates fibrosis by activating AMPK, which in turn suppresses the TGF-β1/Smad2/3 signaling and downregulates STING expression. These actions collectively reduce collagen deposition and restoring energy metabolism (Shi et al., 2022).
3.1.4 Nrf2 pathway
During IPF pathogenesis, persistent oxidative damage contributes to epithelial injury, fibroblast activation, and ECM deposition (El-Horany et al., 2023; Hybertson et al., 2011), while the Nrf2 signaling pathway plays a crucial role in mitigating oxidative stress. In vivo and in vitro studies demonstrate that activation of Nrf2 reduces fibrotic progression by upregulating antioxidant enzymes such as heme oxygenase-1 (HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1), thereby countering reactive oxygen species (ROS) accumulation in lung tissues (Dong et al., 2022; Zhang et al., 2018). Notably, Nrf2 activation inversely regulates NADPH oxidase 4 (NOX4), a key ROS-generating enzyme implicated in TGF-β-induced myofibroblast differentiation and epithelial cell apoptosis (Liu et al., 2016). This antagonistic relationship highlights Nrf2’s critical role in regulating oxidative stress and restraining the fibrotic cascade in IPF (Hybertson et al., 2011).
Building on these findings, several NPs have been shown to exert antifibrotic effects by activating the Nrf2 pathway in vitro and in vivo. For instance, Salvianolic acid B was shown to attenuate paraquat-induced pulmonary fibrosis by restoring the Nrf2/NOX4 redox balance, where Nrf2 activation suppressed NOX4 expression and downstream TGF-β1/Smad3 signaling (Liu et al., 2016). And tanshinone IIA (Tan IIA) (Feng et al., 2020a), from S. miltiorrhiza, enhances Nrf2-mediated expression of antioxidant enzymes, thereby reducing fibrosis severity in silica-induced pulmonary fibrosis models. Similarly, geraniol (Tavares et al., 2021), a component of essential oil from Cymbopogon winterianus, activates Nrf2, leading to downregulation of pro-oxidant mediators and attenuation of fibrotic progression. Additionally, LMWF (Dong et al., 2022) alleviated bleomycin-induced fibrosis through Nrf2-mediated suppression of NOX4 and oxidative stress markers. These findings collectively highlight the therapeutic potential of targeting the Nrf2/NOX4 axis to disrupt oxidative stress-driven fibrotic cascades in IPF, and natural products targeting this pathway offer promising therapeutic potential for mitigating oxidative stress and halting fibrosis progression.
3.1.5 PI3K/Akt pathway
The PI3K/Akt signaling pathway is a central regulator of cell growth, proliferation, and survival. Importantly, elevated PI3K/Akt activity has been observed in IPF lung tissues and in bleomycin-induced pulmonary fibrosis models, underscoring its pathophysiological relevance (Wang et al., 2022a). In the fibrotic lung, activation of PI3K/Akt promotes EMT, enhances fibroblast survival, and stimulates ECM production, thereby exacerbating fibrosis progression (Qian et al., 2018).
Recently, several NPs have been identified to exert antifibrotic effects by suppressing PI3K/Akt signaling. Compounds like Astragaloside IV (Qian et al., 2018), a natural saponin from Astragalus membranaceus, and LMWF (Wu et al., 2021) have been identified as effective inhibitors of the PI3K/Akt signaling cascade in bleomycin-treated mice, thereby exerting a beneficial inhibitory effect on ECM deposition and fibrosis progression. These findings underscore the therapeutic promise of targeting the PI3K/Akt pathway with natural compounds to attenuate fibrosis in IPF.
Altogether, these interconnected pathways—NF-κB, TGF-β1/Smad, AMPK, Nrf2, and PI3K/Akt—underscore the multifactorial nature of IPF pathogenesis. NPs, through their potential to simultaneously modulate multiple pathways, emerge as promising candidates for developing innovative antifibrotic therapies. In the subsequent section, we will systematically examine the anti-pulmonary fibrotic mechanisms of over 20 bioactive compounds derived from both terrestrial (Section 3.1) and marine (Section 3.3) sources and one nature product analogue (Section 3.4). This comprehensive analysis will encompass: (1) experimental models employed in their pharmacological evaluation, including both in vivo animal systems and in vitro cell-based platforms; (2) key pathological markers analyzed in these studies, such as collagen deposition indicators, inflammatory cytokines, and EMT biomarkers; and (3) molecular targets validated through contemporary pharmacological approaches.
3.2 Terrestrial natural products and their mechanisms
3.2.1 Flavonoids
Biochanin-A (BCA), an organic isoflavone isolated from the leaves and stems of Trifolium pratense L and many other herbs of Chinese medicine (Yan et al., 2021), has been demonstrated to mitigate PF in various cell lines, including LL29, normal human lung fibroblasts (NHLF), and diseased human lung fibroblasts (DHLF). BCA achieves this by modulating the TGF-β/Smad3 pathway, thereby ameliorating the fibrosis cascade response and inhibiting the expression of fibrosis markers such as FN-I during the EMT. In vitro scratch assays revealed that BCA dose-dependently attenuates TGF-β-induced cell migration. In a bleomycin-induced pulmonary fibrosis model in Wistar rats, a 14-day oral administration of BCA significantly reduced lung inflammation, infiltration of inflammatory cells, expression of inflammatory markers, collagen deposition, and fibrosis markers in lung tissues. BCA treatment also markedly decreased the expression of phospho-smad3, α-SMA, and FN-I, along with histopathological abnormalities in lung tissue (Andugulapati et al., 2020). These findings underscore BCA’s potential application in modulating pathways related to PF and managing disease progression.
Tanshinone IIA (Tan IIA), a lipophilic component derived from S. miltiorrhiza (Danshen), significantly inhibits the EMT process in silica-induced pulmonary fibrosis models by suppressing the TGF-β1/Smad signaling pathway (Feng et al., 2020a). In Wistar rats exposed to silica, intraperitoneal injection of Tan IIA effectively reduced collagen I, collagen III, and α-SMA expression, diminishing the extent of PF. In vitro studies demonstrated that Tan IIA treatment increased nuclear expression of Smad7, inhibited Smad2 and Smad3 phosphorylation by TβR1, and reduced the nuclear accumulation of phosphorylated Smad3, thus impeding ECM biosynthesis and myofibroblast differentiation. Moreover, Tan IIA mitigated oxidative stress induced by silica. Activation of the Nrf2 signaling pathway in A549 and human bronchial epithelial (HBE) cell lines further enhanced Tan IIA’s antifibrotic effects by modulating EMT and TGF-β1/Smad pathway activation (Feng et al., 2020a). Additionally, puerarin (Pue), a compound derived from Sorbus aucuparia, exhibits synergistic effects with Tan IIA in combating fibrosis progression (Xue et al., 2021).
In an IPF mouse model administered bleomycin-A5 intratracheally, Tan IIA and Pue combined therapy significantly reduced the expression of fibrosis markers and macrophage infiltration, improving lung function and survival rates. In vitro experiments in NIH-3T3 cells revealed that the combination treatment downregulated α-SMA expression and inhibited JAK2, STAT3, and STAT1 signaling pathways, reducing fibroblast activation and migration induced by TGF-β1 and IL6, thereby suppressing fibrosis progression through the JAK2-STAT3/STAT1 pathway. Juglanin (Jug, kaempferol-3-O-α-L-arabinofuranoside), a compound isolated from crude “Polygonum aviculare”, inhibits the STING pathway, effectively counteracting TGF-β-induced collagen accumulation. Elevated Sting expression was observed in bleomycin-induced mouse lung tissues, suggesting that bleomycin may induce pulmonary fibrosis through STING activation. Juglanin treatment significantly reduced Sting expression, ameliorating TGF-β-induced collagen accumulation and highlighting its potential application in treating fibrotic diseases (Williams et al., 2020).
3.2.2 Saponins and alkaloids
β-carboline alkaloids, extracted from Snow Fungus, exhibit anti-inflammatory effects by inhibiting the secretion of cytokines MCP-1, IL-6, TNF-α, and IL-1β in LPS-induced RAW264.7 cells, thereby mitigating inflammation (Cui et al., 2019). These alkaloids regulate the NF-κB/p65 pathway by inhibiting p65 phosphorylation, thereby curbing inflammation initiation. In TGF-β1-induced A549 cells, β-carboline alkaloids prevented the suppression of E-cadherin by TGF-β1, reduced mesenchymal and fibrotic markers such as α-SMA and Vimentin, and slowed the EMT process, thereby impeding PF progression.
Lycorine (LYC), an alkaloid from Amaryllidaceae plants, significantly reduced alveolar collapse and collagen accumulation in bleomycin-induced pulmonary fibrosis in mice, lowering fibrosis marker levels including hydroxyproline (HYP). Flow cytometry revealed that LYC could reverse macrophage reduction in vivo. Real-time PCR demonstrated that LYC blocked bleomycin-induced expression of type I collagen, Acta2, and Fn, and reduced α-SMA and FN levels, improving bleomycin-induced pulmonary fibrosis. LYC also exerted anti-inflammatory effects by inhibiting Caspase-1 cleavage and pro-IL-1β maturation, alleviating fibrosis and inflammation. Molecular docking and SPR analysis showed that LYC inhibited NLRP3 inflammasome activation and pyroptosis by binding to the PYD domain of ASC, suppressing ASC-NLRP3 interaction, thus exhibiting anti-inflammatory effects and improving fibrosis (Liang et al., 2020).
Total ginsenosides (TG), chemical components from ginseng, have demonstrated therapeutic efficacy against IPF. TG treatment improved bleomycin-induced pulmonary fibrosis in mice, reducing interstitial fibrosis, collagen deposition, and alveolar wall destruction. TG downregulated TGF-β1, α-SMA, Smad2, and Smad3 expression while upregulating Smad7, inhibiting fibroblast proliferation and abnormal ECM deposition via the TGF-β1/Smad pathway. Additionally, TG’s protective effect against IPF may involve the MMP system, as TG significantly downregulated MMP-2, MMP-9, and tissue inhibitor of metalloproteinase-1 induced by bleomycin, potentially disrupting basement membrane integrity and mitigating fibroblast invasion (Yang et al., 2019).
3.2.3 Polyphenols
Polyphenolic compounds, a diverse class with extensive biological activities, include phenolic acids, flavonoids, stilbenes, lignans, and tannins. These compounds have shown significant efficacy in alleviating fibrotic disease symptoms (Du et al., 2016). Salvianolic acids, notably Salvianolic acid A (Sal A) and Salvianolic acid B (Sal B) from S. miltiorrhiza, exhibit robust antioxidant activity. Nrf2 is critical for cellular protection against oxidative stress, and NOX4, closely linked to the TGF-β1/Smad3 pathway in lung fibroblasts, is essential for regulating the myofibroblast phenotype in IPF. Sal B modulates the Nrf2/Nox4 redox balance and TGF-β1/Smad3 signaling, alleviating oxidative stress in paraquat-poisoned mice and showing potential therapeutic effects on PF (Zhang et al., 2021). Sal B also reduces hydroxyproline (HYP), type I collagen, tissue factor (TF), and related coagulation factors, exerting antifibrotic and anticoagulant effects (Liu et al., 2016). Given Sal’s therapeutic potential, efforts are being made to develop a new inhalable dry powder formulation to enhance bioavailability, which is currently less than 5% orally (Jiang et al., 2021).
Resveratrol (Res), a polyphenolic compound, mitigates oxidative damage and fibrosis by leveraging its antioxidant properties, thereby preventing PF in vivo. MicroRNA-21 (miR-21) amplifies TGF-β1 signaling, exacerbating PF progression. In bleomycin-induced rat models, Res inhibited miR-21 by downregulating c-Jun and c-Fos, blocking the MAPKs/AP-1 pathway (Wang et al., 2018). Res also modulated fibrosis-related proteins FN, COL1 A1, COL3 A1, α-SMA, TIMP-1, and MMP-2, 9, and 13, inhibiting PF progression through the TGF-β/Smad/ERK pathway. Additionally, Res alleviated PM2.5-induced lung inflammation and fibrosis by inhibiting autophagy and NLRP3 inflammasome activity, reducing IL-1β in BEAS-2B cells (Ding et al., 2019). These properties suggest that resveratrol holds promise for PF treatment.
3.2.4 Terpenoids
Triptolide, a bioactive diterpene from Tripterygium wilfordii, was shown to downregulate mRNA and protein expression of α-SMA, type I collagen, FN, and vimentin, inhibiting lung fibroblast migration and transformation. Triptolide reduced TGF-β1-induced overexpression of LOX, LOXL1, and LOXL2, as well as total LOX activity, diminishing oxidative stress and altering endopeptidase expression such as MMP2, MMP9, MMP13, and MMP14. Immunofluorescence showed Triptolide inhibited the Integrin-β1-FAK-YAP pathway, reducing nuclear YAP1 content and inhibiting fibrotic gene transcription (Lin et al., 2023). These findings support Triptolide’s potential as an antifibrotic agent. Essential oil from Cymbopogon winterianus (EOCW), containing eugenol, geraniol, and citronellal, has anti-inflammatory and antioxidant properties. Eugenol enhances Nrf2 expression, geraniol inhibits 5-lipoxygenase and nitric oxide, and citronellal reduces COX-2 and prostaglandin-E2 (PGE2) expression. EOCW alleviated pulmonary fibrosis progression in bleomycin-induced mice, likely due to TGF-β expression inhibition (Tavares et al., 2021). These properties make EOCW a candidate for PF treatment, warranting further investigation into its dosage and mechanisms.
3.2.5 Natural polysaccharides
Ophiocordyceps lanpingensis polysaccharides (OLP), extracted from the edible fungus Ophiocordyceps lanpingensis, show therapeutic potential against PF. In bleomycin-treated mice, OLP reduced pro-inflammatory protein MCP-1, decreased macrophage recruitment, and downregulated related cytokines and myofibroblast markers like α-SMA. OLP preserved alveolar function and inhibited collagen production, mitigating bleomycin-induced pulmonary fibrosis (Zhou et al., 2020). Dendrobium officinale, an Orchidaceae herb, produces polysaccharides (PDO) with mild anti-inflammatory and strong antifibrotic effects. Oral PDO reduced E-cadherin and α-SMA expression and decreased type I collagen and FN synthesis in bleomycin-treated rats. PDO downregulated Smad2/3 and pSmad2/3 expression, alleviating myofibroblast formation and proliferation by inhibiting TGFβ1-Smad2/3 signaling (Chen et al., 2018). Angelica sinensis polysaccharide (ASP) from Angelica sinensis roots inhibits lncRNA DANCR in bleomycin-treated rat lung tissue and type II alveolar epithelial cells (RLE-6TN), reducing oxidative stress and PF severity. ASP reversed collagen deposition and α-SMA upregulation induced by TGF-β1, and restored E-cadherin expression (Qian et al., 2020). Polysaccharides’ complex composition and mechanisms necessitate further research to validate their pharmacological activity and support drug development.
3.2.6 Cyclic peptides
Heterophyllin B from Radix Pseudostellariae exhibits anti-inflammatory activity by promoting AMPK activation and inhibiting STING, thereby reducing TGF-β1-induced abnormal proliferation of MLE-12 cells and overexpression of STING in bleomycin-treated mice. Heterophyllin B inhibited TGF-β1 and Smad2/3 phosphorylation, and reduced myofibroblast markers α-SMA and COL-1 in lung tissues, demonstrating anti-pulmonary fibrosis effects. It offers significant therapeutic potential, as shown in bleomycin-induced pulmonary fibrosis models treated with oral heterophyllin B (Shi et al., 2022).
3.3 Marine natural products and their mechanisms
3.3.1 Natural polysaccharides
LMWF, a distinctive sulphated polysaccharide derived from seaweed through radical degradation, has a molecular weight of approximately 8,100 Da, with fucose as its primary monosaccharide. Wu et al. investigated the antifibrotic effects and mechanisms of LMWF using both in vivo and in vitro models (Wu et al., 2021). Protein blot analyses in lung cancer A549 cells (CCL-185, ATCC, Rockville, MD, US) were conducted via the MTT method. Lung tissues from different experimental groups of mice were collected for pathological evaluation through HE and Masson’s trichrome staining, histological, and immunohistochemical analysis. Serum IL-6 levels were measured using ELISA kits, and bronchoalveolar lavage fluid (BALF) was analyzed for lavage fluid and protein concentrations using BCA kits. Results demonstrated that LMWF treatment in bleomycin-induced pulmonary fibrosis mice decreased TGF-β, TNF-α, and IL-6 expression in lung tissue, mirroring the effects of nintedanib in reducing inflammatory cytokine accumulation. Furthermore, LMWF attenuated phosphorylation activation of the PI3K/AKT signaling pathway induced by TGF-β1 in A549 cells, lowering β-catenin and COL2A1 expression, and preventing EMT. In the TGF-β/Smad pathway, LMWF downregulated TGF-β1, Smad2/3, and Smad4 expression, thereby inhibiting pathway activity and curbing TGF-β1-induced EMT progression. These findings suggest that LMWF has significant therapeutic potential in inhibiting human IPF by mitigating inflammation and EMT processes (Dong et al., 2022; Wu et al., 2021).
Dong et al. also evaluated LMWF extracted from Laminaria japonica via radical degradation, focusing on its effects on bleomycin-treated male C57BL/6J mice and TGF-treated A549 cells, with an additional assessment of its antioxidant properties (Dong et al., 2022). Pathological changes and collagen deposition in lung tissues of bleomycin-induced mice were evident from H&E, Masson’s trichrome, and Sirius red staining. GSH, MDA, and SOD levels in lung tissues were measured using kits, and hydrogen peroxide content was assessed with enzyme biosensors. LMWF treatment reduced MDA and 8-iso-PGF2α levels while increasing SOD, GSH, HO-1, and NQO1 concentrations, thereby preventing oxidative stress damage and attenuating pulmonary fibrosis by enhancing antioxidant enzyme protein expression. In vitro, LMWF regulated antioxidant factors in lung fibrosis mouse lung tissue, reducing oxidative stress and fibrosis. Immunofluorescence, protein blotting, and immunohistochemistry showed that LMWF at 50 mg/kg and 100 mg/kg doses upregulated Nrf-2, HO-1, and NQO1 expression in a dose-dependent manner, inhibiting fibrosis. High doses (100 mg/kg) showed no toxicity in A549 cells, aligning with in vivo results, indicating LMWF’s high safety profile (Dong et al., 2022).
A separate study investigated the effects of fucoidan obtained via enzymatic hydrolysis on the infiltration of inflammatory cells in lung tissues of irradiated 8-week-old male C57BL/6 mice. Fucoidan significantly reduced neutrophil and macrophage infiltration in irradiated lung tissues. Cytokine array analysis and EIA confirmed that fucoidan lowered the expression levels of inflammatory cytokines such as TIMP-1, CXCL1, MCP-1, MIP-2, and IL-1Ra in pleural effusion of irradiated mice. In vivo, these cytokines were linked to radiation-induced lung fibrosis, selectively activating macrophages and neutrophils. Thus, fucoidan administration reduced cytokine expression in pleural effusion and decreased collagen expression in fibroblasts, correlating with reduced inflammatory cell infiltration in lung tissues. This finding suggests potential fucoidan-based therapies for preventing lung fibrosis in clinical settings (Yu et al., 2018). Overall, fucoidan, due to its wide availability and high safety profile, shows promise as a therapeutic agent for treating PF, with no observed toxic side effects at high doses (100 mg/kg) (Dong et al., 2022; Wu et al., 2021).
3.3.2 Alkaloids
From the deep-sea fungus Trichoderma MCCC 3A01244, 25 compounds were isolated, among which Trichocarboline A, a β-carboline alkaloid, exhibited significant biological activity. At a 10 μM concentration in HFL1 cell lines, Trichocarboline A demonstrated low cytotoxicity and robustly inhibited TGF-β1-induced collagen accumulation. CCK8 assays showed a notable reduction in cellular collagen deposition. Mechanistic studies indicated that Trichocarboline A downregulated phosphorylation levels of Smad2 and Smad3, suppressing the TGF-β/Smad signaling pathway. This inhibition curtailed TGF-β1-induced expression of FN, proliferating cell nuclear antigen (PCNA), and α-SMA in HFL1 cells, reducing ECM deposition. Trichocarboline A binds to Smad4, hindering TGF-β/Smad pathway signaling, and downregulates transcription of fibrosis-related genes. As a newly identified β-carboline alkaloid, Trichocarboline A emerges as a lead compound for the development of more effective antifibrotic drugs (Hao et al., 2022).
3.3.3 Natural amino acids and proteins
EZY-1, a 16-amino acid peptide derived from the edible seaweed Eucheuma, showed significant inhibitory effects on bleomycin-induced pulmonary fibrosis in mice. Using protein chip analysis and in vitro pull-down combined with LC-MS/MS, potential EZY-1 target proteins were screened. In vitro analysis identified ERK, Akt, raptor, SHP2, PDGFR, β-catenin, and vitronectin as potential targets. EZY-1 notably inhibited Smad2 and Smad3 phosphorylation in lung tissues of bleomycin-induced mice, suggesting interference with the TGF-β/Smad signaling pathway. Additionally, EZY-1 inhibited the phosphorylation of ERK and p38MAPK, blocking IPF progression through inhibition of the TGF-β-activated MAPK signaling pathway. EZY-1 also significantly reduced collagen fiber deposition and proline hydroxylation levels, lowered malondialdehyde (MDA) levels, and increased superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activity, offering protection against oxidative damage. It inhibited tyrosine phosphorylation of proteins such as PI3K p85, ERK1, p38MAPK, and c-Abl, and demonstrated anti-fibrotic and anti-inflammatory properties superior to pirfenidone. EZY-1 exhibited high safety with no acute toxicity effects at a 5 g/kg dosage, indicating its promise as a safe and effective drug for IPF treatment (Yu et al., 2019).
Phycocyanin (PC), a light-harvesting protein from Spirulina platensis, was studied by Li et al. in C57 BL/6 wild-type (WT) mice and toll-like receptor (TLR) 2-deficient mice treated with PC for 28 days post-bleomycin exposure. PC significantly reduced PF markers, including hydroxyproline (HYP), vimentin, surfactant-associated protein C (SP-C), fibroblast-specific protein-1 (S100A4), and α-SMA, while increasing E-cadherin and podoplanin expression. PC also reduced early-stage inflammation-related proteins IL-6, TNF-α, and MPO. It improved the pathological state of PF by protecting type I alveolar epithelial cells and inhibiting EMT. In bleomycin-treated mice, PC reduced TLR2 pathway gene expression, with limited effects in TLR2-deficient mice, suggesting that PC mediates antifibrotic effects via the TLR2-MyD88-NF-κB pathway. Future exploration of this pathway may establish PC as a novel antifibrotic agent (Li et al., 2017b).
3.4 Natural product-like compound YX-2102 and its mechanisms
YX-2102, a pyrano [2,3-b]pyridine derivative identified through virtual screening from a synthetic in-house library of “natural product-like” compounds, acts as a highly selective cannabinoid receptor 2 (CB2R) agonist (Liu et al., 2022b). Functionally, it alleviates PF by suppressing M1 macrophage polarization and inflammation, while upregulating CB2R expression in AECs to inhibit TGF-β1-induced EMT. Mechanistically, YX-2102 modulates the Nrf2-Smad7 pathway, thereby blocking TGF-β/Smad signaling. In vivo studies demonstrate its efficacy in reducing bleomycin-induced lung injury and fibrosis with manageable toxicity. Its synthetic accessibility and structural tunability highlight its potential as a novel therapeutic agent for IPF (Liu et al., 2022a).
4 OUTLOOK
4.1 Challenges and limitations
Despite their structural diversity and multi-target potential, NPs face significant barriers in clinical translation for IPF. Intrinsic challenges include low abundance of active compounds (e.g., resveratrol at <0.1% in grape skins) (Liu et al., 2023; Ding et al., 2019), necessitating high doses (e.g., 200 mg/kg for LMWF) (Dong et al., 2022; Wu et al., 2021) that strain natural sourcing and purification efforts. Structural complexity—such as macrolide stereoisomerism—hampers synthesis scalability, while poor pharmacokinetics (e.g., curcumin’s <1% oral bioavailability) (Wang et al., 2022b) limit therapeutic utility. Mechanistic ambiguity compounds these issues: most NPs lack fully defined targets (Flaxman et al., 2024; Wang et al., 2022a), and their polypharmacology, though potentially advantageous for multifactorial diseases like IPF, risks off-target effects (Meng et al., 2018). For instance, baicalin’s dual TGF-β/Wnt inhibition was only linked to EP300 histone acetylation in 2023, decades after its initial discovery (Williams et al., 2020; Tao et al., 2018). These challenges are exacerbated by IPF’s complex pathogenesis, complicating target prioritization (Spagnolo et al., 2021). While NPs like salvianolic acid show preclinical antifibrotic activity, their undefined targets and pharmacokinetics hinder clinical adoption—a stark contrast to approved synthetics like pirfenidone (2,403 mg/day) (Noble et al., 2011) and nintedanib (300 mg/day) (Richeldi et al., 2014), which themselves face tolerability limitations (Bonella et al., 2023; Raghu et al., 2022a).
4.2 Technology-driven solutions
Emerging interdisciplinary strategies are reshaping NP drug discovery. High-throughput phenotypic screening platforms now integrate CRISPR-edited organoids with ImageXpress systems (Fraietta and Gasparri, 2016), enabling single-cell resolution analysis of α-SMA suppression and reducing lead compound identification to 2 weeks (Nelson et al., 2024; Palano et al., 2020). In the construction of disease models, gene engineering techniques can be used to precisely modify animal genomes, creating animal models that more closely resemble the pathological processes of human pulmonary fibrosis. For instance, using CRISPR-Cas9 technology to knock-in or knock-out genes related to pulmonary fibrosis in mice can cause symptoms similar to human pulmonary fibrosis (Vazquez-Armendariz and Tata, 2023). These animal models can more realistically reflect the effects of drugs in vivo, providing reliable experimental evidence for preclinical drug research.
In target optimization, high-throughput screening can be applied to establish a screening model for inhibitors based on the core pathway of pulmonary fibrosis (TGF-β). Fluorescent reporter gene systems targeting TGF-β receptors (ALK5), Smad proteins, or downstream effector molecules (such as CTGF) can be designed. For instance, HEK293 cell lines can be constructed, and Smad binding element (SBE)-luciferase reporter plasmids can be transfected to screen for compounds that inhibit TGF-β-induced fluorescence signals. A study in 2022 used this model to screen out a novel ALK5 inhibitor, TP-008, which reduced collagen deposition in mouse pulmonary fibrosis models by 70% (Hanke et al., 2020). Alternatively, dual-reporter cell lines for E-cadherin (epithelial marker) and vimentin (interstitial marker) can be constructed to quantify EMT severity through changes in fluorescence ratios (Luttens et al., 2025). Additionally, multi-parameter screening based on cell phenotypes can be performed using AI image analysis systems to assist high-content imaging (HCI), simultaneously quantifying α-SMA expression, cell migration (Transwell assays), and collagen contraction (3D collagen gel models), automatically identifying myofibroblast morphology changes (such as pseudopod retraction), significantly enhancing the efficiency of screening in drug development (Weisbart et al., 2024; Seal et al., 2025). It can be seen that high-throughput screening is expected to evolve from single-target screening to multidimensional systems pharmacology in the research and development of anti-pulmonary fibrosis drugs.
Concurrently, advanced target deconvolution techniques like thermal proteome profiling (TPP) allow global analysis of thermal stability shifts across 7,000+ proteins (Savitski et al., 2014), as demonstrated by the discovery that CDC42 inhibitors stabilize β-catenin/E-cadherin complexes to suppress renal fibrosis—a mechanism with cross-organ relevance for IPF (Hu et al., 2024). For such multi-omics data, including proteomics and metabolomics, artificial intelligence technology can integrate genomics and transcriptomics (He et al., 2023). By deeply mining and analyzing these data, potential targets closely related to the development of pulmonary fibrosis can be identified, such as genes, proteins, and metabolites (Mann et al., 2021). For example, analyzing large-scale gene expression data from patients with pulmonary fibrosis and healthy individuals to identify differentially expressed genes and determine possible drug targets.
Furthermore, artificial intelligence–based computational approaches further accelerates progress: This strategy proved instrumental in identifying saracatinib as a multi-pathway inhibitor via TGF-β/WNT network analysis (Ahangari et al., 2022), and AlphaFold2-predicted NP-target interactions guided the redesign of salvianolic acid into derivative C25, which exhibits 12-fold improved solubility and 8-fold greater inhibition of type Ⅰ collagen (Noor et al., 2023; Zeng et al., 2022; Yang et al., 2023). These technologies may collectively bridge the gap between NP complexity and clinical applicability.
4.3 Clinical translation prospects and emerging frontiers
NPs demonstrate unique advantages in IPF therapeutic development, particularly in early-stage intervention and precision medicine (Wang et al., 2022a). Andrographolide elicits its anti-pulmonary fibrotic effect in preclinical models by halting the progression of EMT via affecting fibroblasts (Karkale et al., 2018), while preclinical studies have shown that curcumin combined with pyrifene can reduce the dose of pyrifene by 50% and enhance the inhibitory effect of αvβ6 integrin (Raghu et al., 2022b; Wang et al., 2022b). Epigenetic modulation strategies are gaining traction, as evidenced by a selective HDAC6 inhibitor that durably suppresses pro-fibrotic genes like FN1 and IL-11, maintaining efficacy for 28 days post-treatment (Lin et al., 2023; Ng et al., 2019). Looking ahead, synthetic biology platforms are poised to address scalability challenges (Zhao et al., 2023); artemisinic acid production in engineered yeast now costs $350/kg (Paddon et al., 2013), a model applicable to high-value antifibrotic NPs like cordycepin (Zhou et al., 2020). Integration of single-cell spatial omics with lung-on-chip systems will further map cell-type-specific responses, enabling personalized regimens (Sisodia et al., 2023; Chen et al., 2023; Huang et al., 2024), underscoring their enduring potential in antifibrotic discovery.
5 CONCLUSION
This review has summarized NPs from marine and terrestrial sources, highlighting their promising antifibrotic activities through various mechanisms. Categories such as polyphenols, terpenes, alkaloids, and polysaccharides have been discussed, with polysaccharides showing slow progress due to complex and diverse mechanisms. These NPs exert preventive and therapeutic effects on PF and IPF by modulating pathways like the TGF-β1-mediated Smad pathway, Nox4-Nrf2 pathway, NF-κB pathway, and AMPK pathway. Additionally, the integration of NPs with emerging epigenetic modulators and precision medicine approaches offers novel strategies to overcome current treatment limitations. These findings underscore the vital role of natural products in developing next-generation anti-fibrotic therapies, providing new sources and reliable references.
AUTHOR CONTRIBUTIONS
MM: Data curation, Funding acquisition, Methodology, Writing – original draft, Writing – review and editing. ZC: Data curation, Writing – original draft. HQ: Data curation, Writing – original draft. HL: Data curation, Writing – original draft. YZ: Data curation, Writing – original draft, Conceptualization, Investigation, Methodology. YH: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft. KL: Conceptualization, Funding acquisition, Project administration, Writing – review and editing. WP: Conceptualization, Data curation, Investigation, Methodology, Writing – review and editing. D-YW: Conceptualization, Project administration, Writing – review and editing, Supervision. YY: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Writing – original draft, Writing – review and editing. ZS: Conceptualization, Funding acquisition, Supervision, Writing – review and editing. YQ: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by grants awarded to YQ by the National Natural Science Foundation of China (82002612), YY by the National Natural Science Foundation of China (82170029 and 81870019) and ZS by the National Natural Science Foundation of China (82141211 and 82174043), YY by Guangdong-Hong Kong-Macao University Joint Laboratory of Interventional Medicine Foundation of Guangdong Province (2023LSYS001), MM, ZC, HQ and HL by College Students’ Innovation and Entrepreneurship Training Program (X202319027081), and KL by Macao Polytechnic University (RP/FCA-14/2023), and The Science and Technology Development Fund of Macao (FDCT, 0033/2023/RIB2).
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
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.
REFERENCES
 Ahangari, F., Becker, C., Foster, D. G., Chioccioli, M., Nelson, M., Beke, K., et al. (2022). Saracatinib, a selective Src kinase inhibitor, blocks fibrotic responses in preclinical models of pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 206, 1463–1479. doi:10.1164/rccm.202010-3832oc
 Andugulapati, S. B., Gourishetti, K., Tirunavalli, S. K., Shaikh, T. B., and Sistla, R. (2020). Biochanin-A ameliorates pulmonary fibrosis by suppressing the TGF-beta mediated EMT, myofibroblasts differentiation and collagen deposition in in vitro and in vivo systems. Phytomedicine Int. J. phytotherapy Phytopharm. 78, 153298. doi:10.1016/j.phymed.2020.153298
 Api, A. M., Belsito, D., Biserta, S., Botelho, D., Bruze, M., Burton, G. A., et al. (2021). RIFM fragrance ingredient safety assessment, citronellal, CAS registry number 106-23-0. Food Chem. Toxicol. 149 (Suppl. 1), 111991. doi:10.1016/j.fct.2021.111991
 Atanasov, A. G., Zotchev, S. B., Dirsch, V. M., and Supuran, C. T. (2021). Natural products in drug discovery: advances and opportunities. Nat. Rev. Drug Discov. 20, 200–216. doi:10.1038/s41573-020-00114-z
 Baker, R. G., Hayden, M. S., and Ghosh, S. (2011). NF-κB, inflammation, and metabolic disease. Cell metab. 13, 11–22. doi:10.1016/j.cmet.2010.12.008
 Baselga, J., Cervantes, A., Martinelli, E., Chirivella, I., Hoekman, K., Hurwitz, H. I., et al. (2010). Phase I safety, pharmacokinetics, and inhibition of SRC activity study of saracatinib in patients with solid tumors. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 16, 4876–4883. doi:10.1158/1078-0432.CCR-10-0748
 Behr, J., Prasse, A., Kreuter, M., Johow, J., Rabe, K. F., Bonella, F., et al. (2021). Pirfenidone in patients with progressive fibrotic interstitial lung diseases other than idiopathic pulmonary fibrosis (RELIEF): a double-blind, randomised, placebo-controlled, phase 2b trial. Lancet. Respir. Med. 9, 476–486. doi:10.1016/S2213-2600(20)30554-3
 Bellaye, P. S., Burgy, O., Bonniaud, P., and Kolb, M. (2021). HSP47: a potential target for fibrotic diseases and implications for therapy. Expert Opin. Ther. targets 25, 49–62. doi:10.1080/14728222.2021.1861249
 Birring, S. S., Wijsenbeek, M. S., Agrawal, S., van den Berg, J. W. K., Stone, H., Maher, T. M., et al. (2017). A novel formulation of inhaled sodium cromoglicate (PA101) in idiopathic pulmonary fibrosis and chronic cough: a randomised, double-blind, proof-of-concept, phase 2 trial. Lancet. Respir. Med. 5, 806–815. doi:10.1016/S2213-2600(17)30310-7
 Bonella, F., Spagnolo, P., and Ryerson, C. (2023). Current and future treatment landscape for idiopathic pulmonary fibrosis. Drugs 83, 1581–1593. doi:10.1007/s40265-023-01950-0
 Chang, Y. M., Bai, L., Liu, S., Yang, J. C., Kung, H. J., and Evans, C. P. (2008). Src family kinase oncogenic potential and pathways in prostate cancer as revealed by AZD0530. Oncogene 27, 6365–6375. doi:10.1038/onc.2008.250
 Chen, C., Wang, J., Pan, D., Wang, X., Xu, Y., Yan, J., et al. (2023). Applications of multi-omics analysis in human diseases. MedComm 4, e315. doi:10.1002/mco2.315
 Chen, J., Lu, J., Wang, B., Zhang, X., Huang, Q., Yuan, J., et al. (2018). Polysaccharides from Dendrobium officinale inhibit bleomycin-induced pulmonary fibrosis via the TGFβ1-Smad2/3 axis. Int. J. Biol. Macromol. 118, 2163–2175. doi:10.1016/j.ijbiomac.2018.07.056
 Chen, R. R., Li, Y. J., Chen, J. J., and Lu, C. L. (2020). A review for natural polysaccharides with anti-pulmonary fibrosis properties, which may benefit to patients infected by 2019-nCoV. Carbohydr. Polym. 247, 116740. doi:10.1016/j.carbpol.2020.116740
 Conte, E., Gili, E., Fagone, E., Fruciano, M., Iemmolo, M., and Vancheri, C. (2014). Effect of pirfenidone on proliferation, TGF-β-induced myofibroblast differentiation and fibrogenic activity of primary human lung fibroblasts. Eur. J. Pharm. Sci. 58, 13–19. doi:10.1016/j.ejps.2014.02.014
 Corte, T. J., Lancaster, L., Swigris, J. J., Maher, T. M., Goldin, J. G., Palmer, S. M., et al. (2021). Phase 2 trial design of BMS-986278, a lysophosphatidic acid receptor 1 (LPA(1)) antagonist, in patients with idiopathic pulmonary fibrosis (IPF) or progressive fibrotic interstitial lung disease (PF-ILD). BMJ open Respir. Res. 8, e001026. doi:10.1136/bmjresp-2021-001026
 Cui, Y., Jiang, L., Yu, R., Shao, Y., Mei, L., and Tao, Y. (2019). β-carboline alkaloids attenuate bleomycin induced pulmonary fibrosis in mice through inhibiting NF-kb/p65 phosphorylation and epithelial-mesenchymal transition. J. Ethnopharmacol. 243, 112096. doi:10.1016/j.jep.2019.112096
 Derynck, R., and Zhang, Y. E. (2003). Smad-dependent and Smad-independent pathways in TGF-beta family signalling. Nature 425, 577–584. doi:10.1038/nature02006
 Ding, S., Wang, H., Wang, M., Bai, L., Yu, P., and Wu, W. (2019). Resveratrol alleviates chronic “real-world” ambient particulate matter-induced lung inflammation and fibrosis by inhibiting NLRP3 inflammasome activation in mice. Ecotoxicol. Environ. Saf. 182, 109425. doi:10.1016/j.ecoenv.2019.109425
 Dong, H., Xue, T., Liu, Y., He, S., Yi, Y., Zhang, B., et al. (2022). Low molecular weight fucoidan inhibits pulmonary fibrosis in vivo and in vitro via antioxidant activity. Oxid. Med. Cell Longev. 2022, 7038834. doi:10.1155/2022/7038834
 Dong, Z. W., and Yuan, Y. F. (2018). Juglanin suppresses fibrosis and inflammation response caused by LPS in acute lung injury. Int. J. Mol. Med. 41, 3353–3365. doi:10.3892/ijmm.2018.3554
 Du, G., Sun, L., Zhao, R., Du, L., Song, J., Zhang, L., et al. (2016). Polyphenols: potential source of drugs for the treatment of ischaemic heart disease. Pharmacol. and Ther. 162, 23–34. doi:10.1016/j.pharmthera.2016.04.008
 El-Horany, H. E., Atef, M. M., Abdel Ghafar, M. T., Fouda, M. H., Nasef, N. A., Hegab, I. I., et al. (2023). Empagliflozin ameliorates bleomycin-induced pulmonary fibrosis in rats by modulating Sesn2/AMPK/Nrf2 signaling and targeting ferroptosis and autophagy. Int. J. Mol. Sci. 24, 9481. doi:10.3390/ijms24119481
 Espindola, M. S., Habiel, D. M., Coelho, A. L., Stripp, B., Parks, W. C., Oldham, J., et al. (2021). Differential responses to targeting matrix metalloproteinase 9 in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 203, 458–470. doi:10.1164/rccm.201910-1977OC
 Feng, F., Cheng, P., Xu, S., Li, N., Wang, H., Zhang, Y., et al. (2020b). Tanshinone IIA attenuates silica-induced pulmonary fibrosis via Nrf2-mediated inhibition of EMT and TGF-β1/Smad signaling. Chemico-biological Interact. 319, 109024. doi:10.1016/j.cbi.2020.109024
 Feng, F., Li, N., Cheng, P., Zhang, H., Wang, H., Wang, Y., et al. (2020a). Tanshinone IIA attenuates silica-induced pulmonary fibrosis via inhibition of TGF-β1-Smad signaling pathway. Biomed. Pharmacother. 121, 109586. doi:10.1016/j.biopha.2019.109586
 Flaherty, K. R., Wells, A. U., Cottin, V., Devaraj, A., Walsh, S. L. F., Inoue, Y., et al. (2019). Nintedanib in progressive fibrosing interstitial lung diseases. N. Engl. J. Med. 381, 1718–1727. doi:10.1056/NEJMoa1908681
 Flaxman, H. A., Chrysovergi, M. A., Han, H., Kabir, F., Lister, R. T., Chang, C. F., et al. (2024). Sanglifehrin A mitigates multiorgan fibrosis by targeting the collagen chaperone cyclophilin B. JCI insight 9, e171162. doi:10.1172/jci.insight.171162
 Fraietta, I., and Gasparri, F. (2016). The development of high-content screening (HCS) technology and its importance to drug discovery. Expert Opin. drug Discov. 11, 501–514. doi:10.1517/17460441.2016.1165203
 George, P. M., Patterson, C. M., Reed, A. K., and Thillai, M. (2019). Lung transplantation for idiopathic pulmonary fibrosis. Lancet. Respir. Med. 7, 271–282. doi:10.1016/S2213-2600(18)30502-2
 Greenlee, K. J., Werb, Z., and Kheradmand, F. (2007). Matrix metalloproteinases in lung: multiple, multifarious, and multifaceted. Physiol. Rev. 87, 69–98. doi:10.1152/physrev.00022.2006
 Hanke, T., Wong, J. F., Berger, B. T., Abdi, I., Berger, L. M., Tesch, R., et al. (2020). A highly selective chemical probe for activin receptor-like kinases ALK4 and ALK5. ACS Chem. Biol. 15, 862–870. doi:10.1021/acschembio.0c00076
 Hao, M. J., Chen, P. N., Li, H. J., Wu, F., Zhang, G. Y., Shao, Z. Z., et al. (2022). β-Carboline alkaloids from the deep-sea fungus Trichoderma sp. MCCC 3A01244 as a new type of anti-pulmonary fibrosis agent that inhibits TGF-β/smad signaling pathway. Front. Microbiol. 13, 947226. doi:10.3389/fmicb.2022.947226
 Haque, N., Parveen, S., Tang, T., Wei, J., and Huang, Z. (2022). Marine natural products in clinical use. Mar. Drugs 20, 528. doi:10.3390/md20080528
 Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol. cell Biol. 13, 251–262. doi:10.1038/nrm3311
 He, X., Liu, X., Zuo, F., Shi, H., and Jing, J. (2023). Artificial intelligence-based multi-omics analysis fuels cancer precision medicine. Seminars cancer Biol. 88, 187–200. doi:10.1016/j.semcancer.2022.12.009
 Henderson, N. C., Rieder, F., and Wynn, T. A. (2020). Fibrosis: from mechanisms to medicines. Nature 587, 555–566. doi:10.1038/s41586-020-2938-9
 Herrera, J., Henke, C. A., and Bitterman, P. B. (2018). Extracellular matrix as a driver of progressive fibrosis. J. Clin. investigation 128, 45–53. doi:10.1172/JCI93557
 Hilberg, F., Roth, G. J., Krssak, M., Kautschitsch, S., Sommergruber, W., Tontsch-Grunt, U., et al. (2008). BIBF 1120: triple angiokinase inhibitor with sustained receptor blockade and good antitumor efficacy. Cancer Res. 68, 4774–4782. doi:10.1158/0008-5472.CAN-07-6307
 Hinz, B., and Lagares, D. (2020). Evasion of apoptosis by myofibroblasts: a hallmark of fibrotic diseases. Nat. Rev. Rheumatol. 16, 11–31. doi:10.1038/s41584-019-0324-5
 Hirani, N., MacKinnon, A. C., Nicol, L., Ford, P., Schambye, H., Pedersen, A., et al. (2021). Target inhibition of galectin-3 by inhaled TD139 in patients with idiopathic pulmonary fibrosis. Eur. Respir. J. 57, 2002559. doi:10.1183/13993003.02559-2020
 Hu, M., Che, P., Han, X., Cai, G. Q., Liu, G., Antony, V., et al. (2014). Therapeutic targeting of SRC kinase in myofibroblast differentiation and pulmonary fibrosis. J. Pharmacol. Exp. Ther. 351, 87–95. doi:10.1124/jpet.114.216044
 Hu, X., Gan, L., Tang, Z., Lin, R., Liang, Z., Li, F., et al. (2024). A natural small molecule mitigates kidney fibrosis by targeting cdc42-mediated GSK-3β/β-catenin signaling. Adv. Sci. Weinheim, Baden-Wurttemberg, Ger. 11, e2307850. doi:10.1002/advs.202307850
 Huang, J., Maier, C., Zhang, Y., Soare, A., Dees, C., Beyer, C., et al. (2017). Nintedanib inhibits macrophage activation and ameliorates vascular and fibrotic manifestations in the Fra2 mouse model of systemic sclerosis. Ann. Rheumatic Dis. 76, 1941–1948. doi:10.1136/annrheumdis-2016-210823
 Huang, X., Li, Y., Zhang, J., Yan, L., Zhao, H., Ding, L., et al. (2024). Single-cell systems pharmacology identifies development-driven drug response and combination therapy in B cell acute lymphoblastic leukemia. Cancer cell 42, 552–567.e6. doi:10.1016/j.ccell.2024.03.003
 Hybertson, B. M., Gao, B., Bose, S. K., and McCord, J. M. (2011). Oxidative stress in health and disease: the therapeutic potential of Nrf2 activation. Mol. aspects Med. 32, 234–246. doi:10.1016/j.mam.2011.10.006
 Ito, S., and Nagata, K. (2017). Biology of Hsp47 (Serpin H1), a collagen-specific molecular chaperone. Seminars cell and Dev. Biol. 62, 142–151. doi:10.1016/j.semcdb.2016.11.005
 Jeganathan, N., Smith, R. A., and Sathananthan, M. (2021). Mortality trends of idiopathic pulmonary fibrosis in the United States from 2004 through 2017. Chest 159, 228–238. doi:10.1016/j.chest.2020.08.016
 Jiang, L., Li, Y., Yu, J., Wang, J., Ju, J., and Dai, J. (2021). A dry powder inhalable formulation of salvianolic acids for the treatment of pulmonary fibrosis: safety, lung deposition, and pharmacokinetic study. Drug Deliv. Transl. Res. 11, 1958–1968. doi:10.1007/s13346-020-00857-7
 Jin, J., Togo, S., Kadoya, K., Tulafu, M., Namba, Y., Iwai, M., et al. (2019). Pirfenidone attenuates lung fibrotic fibroblast responses to transforming growth factor-β1. Respir. Res. 20, 119. doi:10.1186/s12931-019-1093-z
 Kang, J., Zhang, Y., Cao, X., Fan, J., Li, G., Wang, Q., et al. (2012). Lycorine inhibits lipopolysaccharide-induced iNOS and COX-2 up-regulation in RAW264.7 cells through suppressing P38 and STATs activation and increases the survival rate of mice after LPS challenge. Int. Immunopharmacol. 12, 249–256. doi:10.1016/j.intimp.2011.11.018
 Karkale, S., Khurana, A., Saifi, M. A., Godugu, C., and Talla, V. (2018). Andrographolide ameliorates silica induced pulmonary fibrosis. Int. Immunopharmacol. 62, 191–202. doi:10.1016/j.intimp.2018.07.012
 Karsdal, M. A., Genovese, F., Madsen, E. A., Manon-Jensen, T., and Schuppan, D. (2016). Collagen and tissue turnover as a function of age: implications for fibrosis. J. hepatology 64, 103–109. doi:10.1016/j.jhep.2015.08.014
 Khalil, N., Manganas, H., Ryerson, C. Y., Shapera, S., Cantin, A. M., Hernandez, P., et al. (2019). Phase 2 clinical trial of PBI-4050 in patients with idiopathic pulmonary fibrosis. Eur. Respir. J. 53(3), 1800663. doi:10.1183/13993003.00663-2018
 Khan, E. S., and Däinghaus, T. (2024). HSP47 in human diseases: navigating pathophysiology, diagnosis and therapy. Clin. Transl. Med. 14, e1755. doi:10.1002/ctm2.1755
 Khan, M. M., Galea, G., Jung, J., Zukowska, J., Lauer, D., Tuechler, N., et al. (2024). Dextromethorphan inhibits collagen and collagen-like cargo secretion to ameliorate lung fibrosis. Sci. Transl. Med. 16, eadj3087. doi:10.1126/scitranslmed.adj3087
 Kheirollahi, V., Wasnick, R. M., Biasin, V., Vazquez-Armendariz, A. I., Chu, X., Moiseenko, A., et al. (2019). Metformin induces lipogenic differentiation in myofibroblasts to reverse lung fibrosis. Nat. Commun. 10, 2987. doi:10.1038/s41467-019-10839-0
 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, 2083–2092. doi:10.1056/NEJMoa1402582
 King, T. E., Pardo, A., and Selman, M. (2011). Idiopathic pulmonary fibrosis. Lancet London, Engl. 378, 1949–1961. doi:10.1016/S0140-6736(11)60052-4
 Kobayashi, T., Kim, H., Liu, X., Sugiura, H., Kohyama, T., Fang, Q., et al. (2014). Matrix metalloproteinase-9 activates TGF-β and stimulates fibroblast contraction of collagen gels. Am. J. physiology. Lung Cell. Mol. physiology 306, L1006–L1015. doi:10.1152/ajplung.00015.2014
 Koudstaal, T., Funke-Chambour, M., Kreuter, M., Molyneaux, P. L., and Wijsenbeek, M. S. (2023). Pulmonary fibrosis: from pathogenesis to clinical decision-making. Trends Mol. Med. 29, 1076–1087. doi:10.1016/j.molmed.2023.08.010
 Lamb, Y. N. (2021). Nintedanib: a review in fibrotic interstitial lung diseases. Drugs 81, 575–586. doi:10.1007/s40265-021-01487-0
 Lancaster, L., Cottin, V., Ramaswamy, M., Wuyts, W. A., Jenkins, R. G., Scholand, M. B., et al. (2024). Bexotegrast in patients with idiopathic pulmonary fibrosis: the INTEGRIS-IPF clinical trial. Am. J. Respir. Crit. Care Med. 210, 424–434. doi:10.1164/rccm.202403-0636OC
 Li, C., Lu, Y., Du, S., Li, S., Zhang, Y., Liu, F., et al. (2017a). Dioscin exerts protective effects against crystalline silica-induced pulmonary fibrosis in mice. Theranostics 7, 4255–4275. doi:10.7150/thno.20270
 Li, C., Yu, Y., Li, W., Liu, B., Jiao, X., Song, X., et al. (2017b). Phycocyanin attenuates pulmonary fibrosis via the TLR2-MyD88-NF-κB signaling pathway. Sci. Rep. 7, 5843. doi:10.1038/s41598-017-06021-5
 Li, H., Zhao, C., Tian, Y., Lu, J., Zhang, G., Liang, S., et al. (2020). Src family kinases and pulmonary fibrosis: a review. Biomed. Pharmacother. 127, 110183. doi:10.1016/j.biopha.2020.110183
 Li, L., Hou, X., Xu, R., Liu, C., and Tu, M. (2017c). Research review on the pharmacological effects of astragaloside IV. Fundam. Clin. Pharmacol. 31, 17–36. doi:10.1111/fcp.12232
 Liang, Q., Cai, W., Zhao, Y., Xu, H., Tang, H., Chen, D., et al. (2020). Lycorine ameliorates bleomycin-induced pulmonary fibrosis via inhibiting NLRP3 inflammasome activation and pyroptosis. Pharmacol. Res. 158, 104884. doi:10.1016/j.phrs.2020.104884
 Lin, W., Song, Y., Li, T., Yan, J., Zhang, R., Han, L., et al. (2023). Triptolide attenuates pulmonary fibrosis by inhibiting fibrotic extracellular matrix remodeling mediated by MMPs/LOX/integrin. Biomed. Pharmacother. 166, 115394. doi:10.1016/j.biopha.2023.115394
 Link, F., Li, Y., Zhao, J., Munker, S., Fan, W., Nwosu, Z. C., et al. (2025). ECM1 attenuates hepatic fibrosis by interfering with mediators of latent TGF-β1 activation. Gut 74, 424–439. doi:10.1136/gutjnl-2024-333213
 Liu, B., Cao, B., Zhang, D., Xiao, N., Chen, H., Li, G. Q., et al. (2016). Salvianolic acid B protects against paraquat-induced pulmonary injury by mediating Nrf2/Nox4 redox balance and TGF-β1/Smad3 signaling. Toxicol. Appl. Pharmacol. 309, 111–120. doi:10.1016/j.taap.2016.08.004
 Liu, G. Y., Budinger, G. R. S., and Dematte, J. E. (2022a). Advances in the management of idiopathic pulmonary fibrosis and progressive pulmonary fibrosis. BMJ 377, e066354. doi:10.1136/bmj-2021-066354
 Liu, L., Liu, B., Li, L., Zhou, X., and Li, Q. (2023). Effects of resveratrol on pulmonary fibrosis via TGF-β/smad/ERK signaling pathway. Am. J. Chin. Med. 51, 651–676. doi:10.1142/S0192415X23500313
 Liu, T., Gu, J., Yuan, Y., Yang, Q., Zheng, P. F., Shan, C., et al. (2022b). Discovery of a pyrano[2,3-b]pyridine derivative YX-2102 as a cannabinoid receptor 2 agonist for alleviating lung fibrosis. J. Transl. Med. 20, 565. doi:10.1186/s12967-022-03773-1
 Luttens, A., Cabeza de Vaca, I., Sparring, L., Brea, J., Martínez, A. L., Kahlous, N. A., et al. (2025). Rapid traversal of vast chemical space using machine learning-guided docking screens. Nat. Comput. Sci. 5, 301–312. doi:10.1038/s43588-025-00777-x
 Mączka, W., Wińska, K., and Grabarczyk, M. (2020). One hundred faces of geraniol. Molecules 25, 3303. doi:10.3390/molecules25143303
 Maher, T. M. (2024). Interstitial lung disease: a review. Jama 331, 1655–1665. doi:10.1001/jama.2024.3669
 Mann, M., Kumar, C., Zeng, W. F., and Strauss, M. T. (2021). Artificial intelligence for proteomics and biomarker discovery. Cell Syst. 12, 759–770. doi:10.1016/j.cels.2021.06.006
 Massagué, J. (2012). TGFβ signalling in context. Nat. Rev. Mol. cell Biol. 13, 616–630. doi:10.1038/nrm3434
 Mayr, C. H., Sengupta, A., Asgharpour, S., Ansari, M., Pestoni, J. C., Ogar, P., et al. (2024). Sfrp1 inhibits lung fibroblast invasion during transition to injury-induced myofibroblasts. Eur. Respir. J. 63, 2301326. doi:10.1183/13993003.01326-2023
 Meng, H., Ma, R., and Fitzgerald, M. C. (2018). Chemical denaturation and protein precipitation approach for discovery and quantitation of protein-drug interactions. Anal. Chem. 90, 9249–9255. doi:10.1021/acs.analchem.8b01772
 Midgley, A. C., Wei, Y., Zhu, D., Gao, F., Yan, H., Khalique, A., et al. (2020). Multifunctional natural polymer nanoparticles as antifibrotic gene carriers for CKD therapy. J. Am. Soc. Nephrol. 31, 2292–2311. doi:10.1681/ASN.2019111160
 Mora, A. L., Rojas, M., Pardo, A., and Selman, M. (2017). Emerging therapies for idiopathic pulmonary fibrosis, a progressive age-related disease. Nat. Rev. Drug Discov. 16, 810–772. doi:10.1038/nrd.2017.225
 Moss, B. J., Ryter, S. W., and Rosas, I. O. (2022). Pathogenic mechanisms underlying idiopathic pulmonary fibrosis. Annu. Rev. Pathology Mech. Dis. 17, 515–546. doi:10.1146/annurev-pathol-042320-030240
 Nathan, S. D., Albera, C., Bradford, W. Z., Costabel, U., Glaspole, I., Glassberg, M. K., et al. (2017). Effect of pirfenidone on mortality: pooled analyses and meta-analyses of clinical trials in idiopathic pulmonary fibrosis. Lancet. Respir. Med. 5, 33–41. doi:10.1016/S2213-2600(16)30326-5
 Nelson, A. R., Christiansen, S. L., Naegle, K. M., and Saucerman, J. J. (2024). Logic-based mechanistic machine learning on high-content images reveals how drugs differentially regulate cardiac fibroblasts. Proc. Natl. Acad. Sci. U. S. A. 121, e2303513121. doi:10.1073/pnas.2303513121
 Newman, D. J., and Cragg, G. M. (2020). Natural products as sources of new drugs over the nearly four decades from 01/1981 to 09/2019. J. Nat. Prod. 83, 770–803. doi:10.1021/acs.jnatprod.9b01285
 Ng, B., Dong, J., D'Agostino, G., Viswanathan, S., Widjaja, A. A., Lim, W. W., et al. (2019). Interleukin-11 is a therapeutic target in idiopathic pulmonary fibrosis. Sci. Transl. Med. 11, eaaw1237. doi:10.1126/scitranslmed.aaw1237
 Noble, P. W., Albera, C., Bradford, W. Z., Costabel, U., Glassberg, M. K., Kardatzke, D., et al. (2011). Pirfenidone in patients with idiopathic pulmonary fibrosis (CAPACITY): two randomised trials. Lancet London, Engl. 377, 1760–1769. doi:10.1016/S0140-6736(11)60405-4
 Noor, F., Asif, M., Ashfaq, U. A., Qasim, M., and Tahir Ul Qamar, M. (2023). Machine learning for synergistic network pharmacology: a comprehensive overview. Briefings Bioinforma. 24, bbad120. doi:10.1093/bib/bbad120
 Okuno, D., Sakamoto, N., Tagod, M. S. O., Akiyama, Y., Moriyama, S., Miyamura, T., et al. (2021). Screening of inhibitors targeting heat shock protein 47 involved in the development of idiopathic pulmonary fibrosis. ChemMedChem 16, 2515–2523. doi:10.1002/cmdc.202100064
 Paddon, C. J., Westfall, P. J., Pitera, D. J., Benjamin, K., Fisher, K., McPhee, D., et al. (2013). High-level semi-synthetic production of the potent antimalarial artemisinin. Nature 496, 528–532. doi:10.1038/nature12051
 Palano, G., Jansson, M., Backmark, A., Martinsson, S., Sabirsh, A., Hultenby, K., et al. (2020). A high-content, in vitro cardiac fibrosis assay for high-throughput, phenotypic identification of compounds with anti-fibrotic activity. J. Mol. Cell. Cardiol. 142, 105–117. doi:10.1016/j.yjmcc.2020.04.002
 Pardo, A., Cabrera, S., Maldonado, M., and Selman, M. (2016). Role of matrix metalloproteinases in the pathogenesis of idiopathic pulmonary fibrosis. Respir. Res. 17, 23. doi:10.1186/s12931-016-0343-6
 Peng, D., Fu, M., Wang, M., Wei, Y., and Wei, X. (2022). Targeting TGF-β signal transduction for fibrosis and cancer therapy. Mol. cancer 21, 104. doi:10.1186/s12943-022-01569-x
 Qian, W., Cai, X., Qian, Q., Wang, D., and Zhang, L. (2020). Angelica sinensis polysaccharide suppresses epithelial-mesenchymal transition and pulmonary fibrosis via a DANCR/AUF-1/FOXO3 regulatory Axis. Aging Dis. 11, 17–30. doi:10.14336/ad.2019.0512
 Qian, W., Cai, X., Qian, Q., Zhang, W., and Wang, D. (2018). Astragaloside IV modulates TGF-β1-dependent epithelial-mesenchymal transition in bleomycin-induced pulmonary fibrosis. J. Cell Mol. Med. 22, 4354–4365. doi:10.1111/jcmm.13725
 Raghu, G., Mouded, M., Chambers, D. C., Martinez, F. J., Richeldi, L., Lancaster, L. H., et al. (2022b). A phase IIb randomized clinical study of an anti-α(v)β(6) monoclonal antibody in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 206, 1128–1139. doi:10.1164/rccm.202112-2824OC
 Raghu, G., Remy-Jardin, M., Richeldi, L., Thomson, C. C., Inoue, Y., Johkoh, T., et al. (2022a). Idiopathic pulmonary fibrosis (an update) and progressive pulmonary fibrosis in adults: an official ATS/ERS/JRS/ALAT clinical practice guideline. Am. J. Respir. Crit. Care Med. 205, e18–e47. doi:10.1164/rccm.202202-0399ST
 Rangarajan, S., Bone, N. B., Zmijewska, A. A., Jiang, S., Park, D. W., Bernard, K., et al. (2018). Metformin reverses established lung fibrosis in a bleomycin model. Nat. Med. 24, 1121–1127. doi:10.1038/s41591-018-0087-6
 Richards, T. J., Kaminski, N., Baribaud, F., Flavin, S., Brodmerkel, C., Horowitz, D., et al. (2012). Peripheral blood proteins predict mortality in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 185, 67–76. doi:10.1164/rccm.201101-0058OC
 Richeldi, L., Azuma, A., Cottin, V., Hesslinger, C., Stowasser, S., Valenzuela, C., et al. (2022). Trial of a preferential phosphodiesterase 4B inhibitor for idiopathic pulmonary fibrosis. N. Engl. J. Med. 386, 2178–2187. doi:10.1056/NEJMoa2201737
 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, 2071–2082. doi:10.1056/nejmoa1402584
 Roque, W., Boni, A., Martinez-Manzano, J., and Romero, F. (2020). A tale of two proteolytic machines: matrix metalloproteinases and the ubiquitin-proteasome system in pulmonary fibrosis. Int. J. Mol. Sci. 21, 3878. doi:10.3390/ijms21113878
 Rugo, H. S., Di Palma, J. A., Tripathy, D., Bryce, R., Moran, S., Olek, E., et al. (2019). The characterization, management, and future considerations for ErbB-family TKI-associated diarrhea. Breast cancer Res. Treat. 175, 5–15. doi:10.1007/s10549-018-05102-x
 Sakamoto, N., Okuno, D., Tokito, T., Yura, H., Kido, T., Ishimoto, H., et al. (2023). HSP47: a therapeutic target in pulmonary fibrosis. Biomedicines 11, 2387. doi:10.3390/biomedicines11092387
 Sang, Q. X. (1998). Complex role of matrix metalloproteinases in angiogenesis. Cell Res. 8, 171–177. doi:10.1038/cr.1998.17
 Savitski, M. M., Reinhard, F. B., Franken, H., Werner, T., Savitski, M. F., Eberhard, D., et al. (2014). Tracking cancer drugs in living cells by thermal profiling of the proteome. Sci. (New York, N.Y.) 346, 1255784. doi:10.1126/science.1255784
 Seal, S., Trapotsi, M. A., Spjuth, O., Singh, S., Carreras-Puigvert, J., Greene, N., et al. (2025). Cell Painting: a decade of discovery and innovation in cellular imaging. Nat. methods 22, 254–268. doi:10.1038/s41592-024-02528-8
 Shi, W., Hao, J., Wu, Y., Liu, C., Shimizu, K., Li, R., et al. (2022). Protective effects of heterophyllin B against bleomycin-induced pulmonary fibrosis in mice via AMPK activation. Eur. J. Pharmacol. 921, 174825. doi:10.1016/j.ejphar.2022.174825
 Sisodia, Y., Shah, K., Ali Sayyed, A., Jain, M., Ali, S. A., Gondaliya, P., et al. (2023). Lung-on-chip microdevices to foster pulmonary drug discovery. Biomaterials Sci. 11, 777–790. doi:10.1039/d2bm00951j
 Solomon, J. J., Danoff, S. K., Woodhead, F. A., Hurwitz, S., Maurer, R., Glaspole, I., et al. (2023). Safety, tolerability, and efficacy of pirfenidone in patients with rheumatoid arthritis-associated interstitial lung disease: a randomised, double-blind, placebo-controlled, phase 2 study. Lancet. Respir. Med. 11, 87–96. doi:10.1016/S2213-2600(22)00260-0
 Spagnolo, P., Kropski, J. A., Jones, M. G., Lee, J. S., Rossi, G., Karampitsakos, T., et al. (2021). Idiopathic pulmonary fibrosis: disease mechanisms and drug development. Pharmacol. and Ther. 222, 107798. doi:10.1016/j.pharmthera.2020.107798
 Su, X., Liu, K., Xie, Y., Zhang, M., Wu, X., Zhang, Y., et al. (2021). Mushroom Inonotus sanghuang alleviates experimental pulmonary fibrosis: implications for therapy of pulmonary fibrosis. Biomed. Pharmacother. 133, 110919. doi:10.1016/j.biopha.2020.110919
 Sun, S. C., Han, R., Hou, S. S., Yi, H. Q., Chi, S. J., and Zhang, A. H. (2020). Juglanin alleviates bleomycin-induced lung injury by suppressing inflammation and fibrosis via targeting sting signaling. Biomed. Pharmacother. 127, 110119. doi:10.1016/j.biopha.2020.110119
 Tao, J., Zhang, M., Wen, Z., Wang, B., Zhang, L., Ou, Y., et al. (2018). Inhibition of EP300 and DDR1 synergistically alleviates pulmonary fibrosis in vitro and in vivo. Biomed. Pharmacother. 106, 1727–1733. doi:10.1016/j.biopha.2018.07.132
 Tavares, L. A., Rezende, A. A., Santos, J. L., Estevam, C. S., Silva, A. M. O., Schneider, J. K., et al. (2021). Cymbopogon winterianus essential oil attenuates bleomycin-induced pulmonary fibrosis in a murine model. Pharmaceutics 13, 679. doi:10.3390/pharmaceutics13050679
 Teague, T. T., Payne, S. R., Kelly, B. T., Dempsey, T. M., McCoy, R. G., Sangaralingham, L. R., et al. (2022). Evaluation for clinical benefit of metformin in patients with idiopathic pulmonary fibrosis and type 2 diabetes mellitus: a national claims-based cohort analysis. Respir. Res. 23, 91. doi:10.1186/s12931-022-02001-0
 Thannickal, V. J., Toews, G. B., White, E. S., Lynch, J. P., and Martinez, F. J. (2004). Mechanisms of pulmonary fibrosis. Annu. Rev. Med. 55, 395–417. doi:10.1146/annurev.med.55.091902.103810
 Ulanowska, M., and Olas, B. (2021). Biological properties and prospects for the application of eugenol-A review. Int. J. Mol. Sci. 22, 3671. doi:10.3390/ijms22073671
 Vazquez-Armendariz, A. I., and Tata, P. R. (2023). Recent advances in lung organoid development and applications in disease modeling. J. Clin. investigation 133, e170500. doi:10.1172/JCI170500
 Wang, J., He, F., Chen, L., Li, Q., Jin, S., Zheng, H., et al. (2018). Resveratrol inhibits pulmonary fibrosis by regulating miR-21 through MAPK/AP-1 pathways. Biomed. Pharmacother. 105, 37–44. doi:10.1016/j.biopha.2018.05.104
 Wang, J., Hu, K., Cai, X., Yang, B., He, Q., Wang, J., et al. (2022a). Targeting PI3K/AKT signaling for treatment of idiopathic pulmonary fibrosis. Acta Pharm. Sin. B 12, 18–32. doi:10.1016/j.apsb.2021.07.023
 Wang, L., Zhu, T., Feng, D., Li, R., and Zhang, C. (2022b). Polyphenols from Chinese herbal medicine: molecular mechanisms and therapeutic targets in pulmonary fibrosis. Am. J. Chin. Med. 50, 1063–1094. doi:10.1142/S0192415X22500434
 Wang, M., Lu, S., Zhao, H., Liu, Z., Sheng, K., and Fang, J. (2022c). Natural polysaccharides as potential anti-fibrotic agents: a review of their progress. Life Sci. 308, 120953. doi:10.1016/j.lfs.2022.120953
 Weisbart, E., Kumar, A., Arevalo, J., Carpenter, A. E., Cimini, B. A., and Singh, S. (2024). Cell Painting Gallery: an open resource for image-based profiling. Nat. methods 21, 1775–1777. doi:10.1038/s41592-024-02399-z
 West, A., Chaudhuri, N., Barczyk, A., Wilsher, M. L., Hopkins, P., Glaspole, I., et al. (2023). Inhaled pirfenidone solution (AP01) for IPF: a randomised, open-label, dose-response trial. Thorax 78, 882–889. doi:10.1136/thorax-2022-219391
 White, E. S., Xia, M., Murray, S., Dyal, R., Flaherty, C. M., Flaherty, K. R., et al. (2016). Plasma surfactant protein-D, matrix metalloproteinase-7, and osteopontin index distinguishes idiopathic pulmonary fibrosis from other idiopathic interstitial pneumonias. Am. J. Respir. Crit. Care Med. 194, 1242–1251. doi:10.1164/rccm.201505-0862OC
 Williams, L. M., McCann, F. E., Cabrita, M. A., Layton, T., Cribbs, A., Knezevic, B., et al. (2020). Identifying collagen VI as a target of fibrotic diseases regulated by CREBBP/EP300. Proc. Natl. Acad. Sci. U. S. A. 117, 20753–20763. doi:10.1073/pnas.2004281117
 Wollin, L., Wex, E., Pautsch, A., Schnapp, G., Hostettler, K. E., Stowasser, S., et al. (2015). Mode of action of nintedanib in the treatment of idiopathic pulmonary fibrosis. Eur. Respir. J. 45, 1434–1445. doi:10.1183/09031936.00174914
 Wu, H., Yu, Y., Huang, H., Hu, Y., Fu, S., Wang, Z., et al. (2020). Progressive pulmonary fibrosis is caused by elevated mechanical tension on alveolar stem cells. Cell 180, 107–121.e17. doi:10.1016/j.cell.2019.11.027
 Wu, N., Li, Z., Wang, J., Geng, L., Yue, Y., Deng, Z., et al. (2021). Low molecular weight fucoidan attenuating pulmonary fibrosis by relieving inflammatory reaction and progression of epithelial-mesenchymal transition. Carbohydr. Polym. 273, 118567. doi:10.1016/j.carbpol.2021.118567
 Xue, Z., Zhao, F., Sang, X., Qiao, Y., Shao, R., Wang, Y., et al. (2021). Combination therapy of tanshinone IIA and puerarin for pulmonary fibrosis via targeting IL6-JAK2-STAT3/STAT1 signaling pathways. Phytother. Res. 35, 5883–5898. doi:10.1002/ptr.7253
 Yan, J., Qiu, P., Zhang, X., Zhang, Y., Mi, L., Peng, C., et al. (2021). Biochanin A from Chinese medicine: an isoflavone with diverse pharmacological properties. Am. J. Chin. Med. 49, 1623–1643. doi:10.1142/S0192415X21500750
 Yang, H. H., Hwangbo, K., Zheng, M. S., Son, J. K., Kim, H. Y., Baek, S. H., et al. (2014). Inhibitory effects of juglanin on cellular senescence in human dermal fibroblasts. J. Nat. Med. 68, 473–480. doi:10.1007/s11418-014-0817-0
 Yang, L., Chen, P. P., Luo, M., Shi, W. L., Hou, D. S., Gao, Y., et al. (2019). Inhibitory effects of total ginsenoside on bleomycin-induced pulmonary fibrosis in mice. Biomed. Pharmacother. 114, 108851. doi:10.1016/j.biopha.2019.108851
 Yang, Z., Zeng, X., Zhao, Y., and Chen, R. (2023). AlphaFold2 and its applications in the fields of biology and medicine. Signal Transduct. Target. Ther. 8, 115. doi:10.1038/s41392-023-01381-z
 Yao, C., Guan, X., Carraro, G., Parimon, T., Liu, X., Huang, G., et al. (2021). Senescence of alveolar type 2 cells drives progressive pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 203, 707–717. doi:10.1164/rccm.202004-1274OC
 Younesi, F. S., Miller, A. E., Barker, T. H., Rossi, F. M. V., and Hinz, B. (2024). Fibroblast and myofibroblast activation in normal tissue repair and fibrosis. Nat. Rev. Mol. cell Biol. 25, 617–638. doi:10.1038/s41580-024-00716-0
 Yu, G., Kovkarova-Naumovski, E., Jara, P., Parwani, A., Kass, D., Ruiz, V., et al. (2012). Matrix metalloproteinase-19 is a key regulator of lung fibrosis in mice and humans. Am. J. Respir. Crit. Care Med. 186, 752–762. doi:10.1164/rccm.201202-0302OC
 Yu, H., Zhang, Z., Huang, H., Wang, Y., Lin, B., Wu, S., et al. (2019). Inhibition of bleomycin-induced pulmonary fibrosis in mice by the novel peptide EZY-1 purified from Eucheuma. Food Funct. 10, 3198–3208. doi:10.1039/c9fo00308h
 Yu, H. H., Chengchuan Ko, E., Chang, C. L., Yuan, K. S., Wu, A. T. H., Shan, Y. S., et al. (2018). Fucoidan inhibits radiation-induced pneumonitis and lung fibrosis by reducing inflammatory cytokine expression in lung tissues. Mar. Drugs 16, 392. doi:10.3390/md16100392
 Zeng, H., Pan, T., Zhan, M., Hailiwu, R., Liu, B., Yang, H., et al. (2022). Suppression of PFKFB3-driven glycolysis restrains endothelial-to-mesenchymal transition and fibrotic response. Signal Transduct. Target. Ther. 7, 303. doi:10.1038/s41392-022-01097-6
 Zhang, T., Liu, M., Gao, Y., Li, H., Song, L., Hou, H., et al. (2021). Salvianolic acid B inhalation solution enhances antifibrotic and anticoagulant effects in a rat model of pulmonary fibrosis. Biomed. Pharmacother. 138, 111475. doi:10.1016/j.biopha.2021.111475
 Zhang, Z., Qu, J., Zheng, C., Zhang, P., Zhou, W., Cui, W., et al. (2018). Nrf2 antioxidant pathway suppresses Numb-mediated epithelial-mesenchymal transition during pulmonary fibrosis. Cell death and Dis. 9, 83. doi:10.1038/s41419-017-0198-x
 Zhao, N., Song, Y., Xie, X., Zhu, Z., Duan, C., Nong, C., et al. (2023). Synthetic biology-inspired cell engineering in diagnosis, treatment, and drug development. Signal Transduct. Target. Ther. 8, 112. doi:10.1038/s41392-023-01375-x
 Zhou, S., Zhou, Y., Yu, J., Du, Y., Tan, Y., Ke, Y., et al. (2020). Ophiocordyceps lanpingensis polysaccharides attenuate pulmonary fibrosis in mice. Biomed. Pharmacother. 126, 110058. doi:10.1016/j.biopha.2020.110058
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 © 2025 Ma, Chu, Quan, Li, Zhou, Han, Li, Pan, Wang, Yan, Shu and Qiao. 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.
OPS/images/fphar-16-1524654-t002.jpg
Clinical

drug name

Saracatinib

PBI-4050

BMS-986278

Nerandomilast
(BI 1015550)

Bexotegrast
(PLN 74809)

Chemical
structure

%

Source
(synthesis/
extraction)

Synthesis

Synthesis

Synthesis

Synthesis

Synthesis

Efficacy

In Preclinical Models
(include vitro human
lung fibroblasts,
mouse models, and
human ex vivo lung
slice models, the
effectiveness of
saracatinib in
blocking fibrogenic
responses was equal
or superior to
nintedanib and
pirfenidone
(Ahangari et al.,
2022)

Reduction in EVC
decline in the
treatment group
compared with
placebo.
Hepatobiliary SAE.
(early termination of
study) (Khalil et al,,
2019)

In post hoc analyses,
treatment with BMS-
986020 led to
significant
improvements in
QLF (defined as

a 2% reduction in
QLF score) on HRCT
and significant
reductions in
biomarkers of
extracellular matrix
turnover from
baseline to week

26 relative to placebo
(Corte et al,, 2021)

‘Treatment with BI
1015550, either alone
or with background
use of an antifibrotic
agent, prevented a
decrease in lung
function in patients
with idiopathic
pulmonary fibrosis
(Richeldi et al., 2022)

A dose-dependent
antifibrotic effect of
bexotegrast was
observed with QLF
imaging, and a
decrease in fibrosis-
associated
biomarkers was
observed with
bexotegrast versus
placebo (Lancaster
et al, 2024)

Phase 1b/2a clinical trial
(from US Clinical Trials

Registry)

Phase 2 (NCT02538536)

Phase 2 (NCT04308681)

Phase 2 (NCT04419506)

Phase 2a (NCT04396756)

Untoward
effect

Not yet reported

Diarrhea was the most
common adverse
event, but its incidence
rate was significantly
lower than that of the
approved drugs of the
same type

Hepatosis

Diarrhea

Hepatosis

Drug/mechanism of
action

a potent and selective Src
Kinase inhibitor, originally
developed for oncological
indications (Baselga et al.,
2010; Chang et al., 2008)also
can effect
epithelial-mesenchymal
transition, TGF-B, and WNT
signaling (Ahangar et al.,
2022; Rugo et al,, 2019)

Acts as an orally active agonist
for GPR40 and as an
antagonist or inverse agonist
for GPR84

A lysophosphatidic acid
receptor 1 (LPA) antagonist

An oral preferential inhibitor
of the PDE4B subtype

A small molecule dual

selective inhibitor with
activity
targetingaVBlandaVp6

APOL
(aerosolized
pirfenidone)

TD139

Same as
pirfenidone

Jpeev-a

Synthesis

Synthesis

Mean FVC %
predicted remained
stable in the 100 mg
two times per day
group (West et al.,
2023)

Inhaled TD139 safe
and well tolerated in
healthy subjects and
IPF patients (Hirani
etal, 2021)

Phase 1b
ACTRN12618001838202

Phase 1/2a
(NCT02257177)

Adverse effects less
frequent with
APO1 than with oral
pirfenidone in other
clinical trials

The most commonly
occurring TEAE
associated with
TDI139 was mild
dysgeusia (distortion
of sense of

taste) (36.1%)

Same as pirfenidone

Can suppress Gal-3
expression on
bronchoalveolar lavage
macrophages and, in a
concerted fashion, decrease
plasma biomarkers associated
with IPF progression

PAI01

Synthesis

Day-time cough
reduction in IPF at
day 14 in the
treatment group
compared with the

placebo group
(Birring et al., 2017)

Phase 2 (NCT02412020)

No SAE observed

A novel high-concentration
formulation of sodium
cromoglicate






OPS/images/fphar-16-1524654-t003.jpg
Category  Origin Compound Chemical Animal Sample for Target and References

((EENGEN] Structure Disease pharmacological  signaling
model analyses

Flavonoids Polygonum Juglanin LPS-induced Ocular blood, pulmonary  Inhibited the NE- | (Sun et al,, 2020)
aviculare mouse model/ tissue cells, KB/STING
bleomycin- bronchoalveolar lavage  signaling pathway
induced mouse fluid (BLAF) to suppress TGE-p-
model induced collagen
accumulation
Trifolium Biochanin-A o, CC cell lines and Human and rat lung tissue ~ Significantly Andugulapati
pratense L primary cells from attenuated the etal. (2020)
IPF patient/ TGF-B1/BLM-
Bleomycin mediated increase
instillation in rat in TGE-B/Smad2/
trachea 3 phosphorylation
Mushroom Inonotus H BLM-induce Lung tissue and BALF  Inhibited TGF-f- | Sueet al. (2021)
Inonotus sanghuang Ho. mouse IPF model induced EMT-like
Sanghuang extract phenotype and a-
OH O SMA expression,
A and decreased
E-cadherin levels
in A549 cells,
reduce Smad2/
3 phosphorylation
and Snail
expression
Salvia Tanshinone A * Silica-induced Lung tissue, and Promoted the Feng et al.
miltiorrhiza pulmonary fibrosis | fibroblasts expression of (2020b)
(Danshen) in Wistar rats nuclear Smad7,
d and inhibited the
phosphorylation of
Smad2 and
Smad3 mediated
by TPRI
Sorbus Puerarin BLM-AS IPF Lower lobe of theleft lung  Inhibited TGF-p1 | Xue etal. (2021)
aucuparia mouse model tissue and IL6 through
the JAK2-STAT3/
STATI signaling
pathway
Saponins Arenaria B-carbolines = LPS-induced Body weight, survival rate,  Inhibited Cui etal. (2019)
kansuensis alkaloids i RAW2647 cell lung tissue cells, phosphorylation of
N Q model bronchoalveolar lavage  p65 to regulate the
0)— fluid NF-kB/
P65 pathway
Amanyllidaceae | Lycorine HQ BLM-induced Lung tissue, blood, Inhibited cleavage | Liang et al.
H,, mouse model bronchoalveolar lavage  of Caspase land | (2020)
H, @ fluid pro-IL-1p/
P O maturation of
% N. ASC-NLRP3
inflammasome
complex formation
Ginseng Total BLM-induced Lung tissue Inhibited the TGE- | Yang et al
ginsenoside mouse model B1/Smad, MMP-2, | (2019)
-9 and TIMP1
Astragalus Astragaloside IV BLM-induced Lung tissue Inhibited the PI3K/ | Qian et al.
membranaceus mouse model Akt pathway 018)
Lietal. (2017¢)
Cyclic Peptides | Radix Heterophyllin B Q%N s BLM-induced Lung tissue, primary lung  Increased the Shi et al. (2022)
Pseudostellariae L} & mouse model fibroblasts activity of AMPK
ke, m and thus lowered
ge the STING
expression
Polyphenol- | Grapes, Resveratrol L BLM-induced rat | Lung tissue and BALE  Inhibited the (Wang et al,
sand knotweed, and model expression of miR- | 2018) (Liu et al.,
Terpenoids peanuts 21 and proteins of | 2023) (Ding
TGF-B1, a-SMA, | etal, 2019)
Smad3/4,
p-Smad3/4, CTGF,
p-ERKI/2
Tripterygium | triptolide Mouse model of | Lung tissue and BALE  Inhibited Lin et al. (2023)
wilfordii chest ion recombinant
irradiation protein TGF-p-
induced
overexpression of
LOX, LOXLI,
LOXI2, and thus
the integrin-p1-
FAK-YAP pathway
Cymbopogon | The essential oil | Eugenol (40.06%): BLM-induced rat | Lung tissue, blood, and  Inhibited the Tavares et al.
winterianus of Cymbopogon | "o~g model BALF expression of TGE- | (2021)
winterianus o B1, and thus (Ulanowska
fibroblast-to- and Olas, 2021)
myofibroblast (Mgcrka et al,,
o, (FMT) 20205 Api et al,
Geraniol (27.44%): 2021)
A
Gitronellal
(10.45%):
Salvia Salvianolic acids PQ-induced Lung tissue Interfering the Liu etal. (2016),
miltiorrhiza mouse model N2/ Du et al. (2016),
Noxd pathway and | Zhang et al.
inhibited TGE-B1/ | (2021)
Smad3 pathway
Punica Punicalagin HSP47 expression | Escherichia coli, collagen  Inhibited the Okuno et al.
granatum system in E. Coli | solution, drug screening  promotion of (2021)
library collagen fiber
formation by
HSP47
Dryocosmus An ester of HSP47 expression | Escherichia coli, collagen  Inhibited the Okuno et al.
Kuriphilus dehydrodigallic system in E. Coli | solution, drug screening promotion of (2021)
acid with two library collagen fiber
molecules of formation by
crenatin, also HSP47
called chesnatin
Green tea Epigallocatechin- e HSP47 expression | Escherichia coli, collagen  Inhibited the Okuno et al.
3-0-gallate o, Low system in E. Coli | solution, drug screening promotion of (2021)
library collagen fiber
& " i’
“X\Q"’ formation by
& HSP47
Polysaccha- Cordyceps Ophiocordyceps BLM-induced Lung tissue Reduced the Zhou et al.
rides lanpingensis mouse model expression of (2020)
polysaccharides myofibroblast
(oLp) marker a-SMA

protein and the
recruitment of

‘macrophages
M1 and M2
Dendrobium Polysaccharides BLM-induced Lung tissue, blood and ~ Inhibited the Chen et al.
officinale from mouse model BALF expression of (2018)
Dendrobium Smad2/3 and
officinale pSmad2/3, and
thus
downregulated

TGEp1-Smad2/
3 signaling

Angelica sinensis | Angelica BLM-induced rat | Lung tissue Inhibited AUF1- | Qian et al.
polysaccharide model and cell line mediated (2020)
from rat ATII cells FOXO3 protein
(RLE-6TN) expression levels,

thereby alleviated
oxidative stress
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Chemical
structure

Source (synthesis/
extraction)

Efficacy

Untoward effect

Drug/mechanism of
action

Pirfenidone & Synthesis: an indolinone Associated with a Frequently associated with | Downregulation of key pro-
derivative that was derived | reduction in the relative | gastrointestinal symptoms | fibrotic growth factors,
. /O from a chemical lead risk of mortality (primarily nausea) and skin- | including TGE-B, and
optimization program compared with placebo | related events (rash and inhibited the production of
> designed for receptor tyrosine | over 120 weeks (Nathan | photosensitivity) (King et al, | inflammatory cytokines such
kinase inhibitors (Patent etal, 2017) 2014) as tumor necrosis factor-a
@ application WO2001027081, (Nathan et al,, 2017)
example 473)
Nintedanib -~ Synthesis: a small molecule | In patients with ‘The main adverse effects of | An intracellular inhibitor that

tyrosine kinase inhibitor,
developed by the German
pharmaceutical company
Boehringer Ingelheim

progressive fibrosing
interstitial lung diseases,
the annual decline in FVC
was significantly lower in
those receiving nintedanib.
compared to those on
placebo (Flaherty et al,,
2019)

nintedanib include
gastrointestinal issues and
liver function abnormalities,
with diarrhea affecting about
two-thirds of patients,
followed by nausea, vomiting,
and weight loss (Rugo et al.,
2019) (Flaherty et al., 2019)

targets multiple tyrosine
kinases, including VEGE, FGF,
and PDGF receptors (Hilberg
etal, 2008) (Liu et al,, 2022a;
Spagnolo et al., 2021)
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Marine natural product

Low Molecular Weight Fucoidan

Trichocarboline A(from
Trichoderma sp. MCCC 3A01244)

Phycocyanin

EZY-1

Efficacy

In 8-weck-old C57BL/6 mice, the infiltration of neutrophils and
macrophages in lung tissue induced by radiation was significantly
reduced. The expression levels of inflammatory cytokines (such as
TIMP-1, CXCLI, MCP-1, MIP-2 and IL-1Ra) in pleural effusion
were reduced (Dong et al., 2022; Wa et al., 2021)

Suppresses TGF-B/Smad signaling pathway, reducing ECM
deposition in vitro (Hao et al., 2022)

Reduces pulmonary fibrosis by modulating TLR2-MyD88-NF-kB
pathway and enhancing antioxidant defenses (Li et al., 2017b)

Inhibits multiple signaling pathways (TGE-B/Smad, PI3K-Akt-
mTOR, MAPK), reducing fibrosis in bleomycin-induced mouse
models. EZY-1 inhibited the phosphorylation of ERK and
P38MAPK, preventing the progression of idiopathic pulmonary
fibrosis by inhibiting the MAPK signaling pathway activated by
TGE-p

Medication use

LMWE had no significant effect on the activity of A549 cells, and
o concentration or time-dependent cytotoxicity was observed. No
significant toxicity observed at high doses (up to 640 pg/mL

in vitro). In vivo experiment, no toxicity was observed at a high
dose (100 mg/kg) (Dong et al, 2022; W et al., 2021)

In HFLI cells, collagen accumulation was significantly inhibited at
a concentration of 10 uM, with an effect close to pirfenidone. Low
cytotoxicity was detected at effective concentration (10 uM) (Hao
et al,, 2022)

Non-toxic; safe in animal models. Good water solubility;
bioavailability enhanced through peptide derivatives

High safety profile; no acute toxicity observed at doses up to 5 g/kg
(Yu et al, 2019)
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cal drug name

Biochanin-A.

Tanshinone I1A

Juglanin

B-carboline alkaloids

Lycorine

Total ginsenosides

Salvianolic acids

Resveratrol

Triptolide

Essential oil from Cymbopogon winterianus (EOCW)

Ophiocordyceps lanpingensis polysaccharides (OLP)

Heterophyllin B from Radix Pseudostellariae

Efficacy

On widely used bleomycin induced pulmonary fibrosis in
rats, inflammatory markers (ALP and LDH) and
inflammatory cells (neutrophils count) were significantly
reduced in BCA treatment compared to BLM control
samples (Andugulapati et al., 2020)

In asilicosis rat model, Tan IIA alleviates silicosis lung
fibrosis and is effective in inhibiting EMT and TGF-B1/
Smad signaling induced by silica in lung epithelial cells
(Feng et al., 2020b)

In bleomycin-treated mice, after 20 days of treatment, the
survival rate of Jug administration-treated mice was 60%,
which was much higher than that of the control group,
which was approximately 10% (Sun et al., 2020)

The survival rate of mice in BLM group is only 20% on
day 15, however, treatment with B-carbolines-rich

Partl at the dose of 100 and 150 mg/kg could elevate the
survival rate up to 50%. And the body weight of mice
significantly increased after Partl treatment (Cui et al.,
2019)

The results demonstrated that the LYC treatment
ameliorated BLM-induced pulmonary fibrosis and
inflammation in mic (Liang et al,, 2020)

At 28 days after BLM injection, the mice had breathing
abnormalities, decreased activity, and lack of luster in
their hair. In the Model group, the pulmonary coefficient
was significantly increased. Compared with the model
control, the condition of the mice improved and the
pulmonary coefficient was markedly reduced in the TG
group (Yang et al, 2019)

Administration of bleomycin resulted in a significant
increase in the lung index (777% + 0.72%). The Sal
(045 mg/kg) group exhibited a marked reduction in the
lung index (4.21%  0.24%) after 28 days of treatment. It
also reduced thelevels of hydroxyproline (HYP), collagen
type I (Col-1), tissue factor (TF), and related coagulation
factors induced by BLM, while simultaneously decreasing
the expression of plasminogen activator inhibitor-1 (PAI-
1), thereby delaying the progression of pulmonary fibrosis
in rats (Zhang et al,, 2021)

The resveratrol treatment groups, particularly those
receiving medium and high doses, significantly improved
pulmonary fibrosis scores, reduced the lung index and
oxidative stress markers, and decreased collagen
deposition. Furthermore, resveratrol inhibited TGF-p1-
induced proliferation and differentiation of pulmonary
fibroblasts and exerted its antifibrotic effects by
modulating the TGF-/Smad/ERK signaling pathway
(Liu et al, 2023)

Triptolide was shown to reduce the mRNA and protein
expression levels of a-SMA, type I collagen, fibronectin,
and vimentin, while also inhibiting the migration and
transdifferentiation of pulmonary fibroblasts. Moreover,
triptolide exhibited inhibitory effects on the TGE-p/
SMAD signaling pathway both in vivo and in vitro (Lin
et al, 2023)

Oral administration of EOCW alleviated the progression
of pulmonary fibrosis in a bleomycin-induced mouse
model, with a reduction in myofibroblast differentiation
that may be attributed to the inhibition of TGE-p
expression (Tavares et al., 2021)

In a mouse model of bleomycin (BLM)-induced
pulmonary fibrosis, oral administration of OLP was
found to inhibit fibrosis development by reducing
macrophage recruitment, preserving alveolar function,
and suppressing collagen deposition (Zhou et al, 2020)

Heterophyllin B potentially exerts protective effects
against BLM-induced pulmonary fibrosis by inhibiting
TGE-p/Smad2/3 signaling and AMPK-mediated STING

expression (Shi et al, 2022)

Medication use

SRB assay revealed, 50% cell death was observed at a
concentration of 73.55 + 0.3 M, 79.73 + 022 pM and
103.02 % 0.3 uM in NHLF, DHLF and LL29 cells
respectively (Andugulapati et al,, 2020)

Tan IIA caused proliferation inhibition at 40 M in
A549 and HBE cells (Feng et al., 2020b)

Jug was treated to mice from days 1-21 via daily oral
gavage at 80 mg/kg according to previous study (Sun
et al,, 2020)

For bleomycin-treated mice,100 and 150 mg/kg were
effective, while 50 mg/kg was ineffective (Cui etal., 2019)

‘The result of MTT assay showed that lycorine itself, even
ata concentration of 5 uM, did not affect the growth of
RAW264.7 cells obviously after 24 h treatment (Kang
et al, 2012)

80 mg/kg/day, 40 mg/kg/day, and 160 mg/kg/day TG
were effective (Yang et al,, 2019)

‘The drug was administered via aerosolization. The
delivery rate was 0.60 + 0.06 mg/min while the total
delivered dose was 4.57 + 0.04 mg. The total exhalation
dose was 2.40 + 0.20 mg (Zhang et al., 2021)

High dose: 100 mg/kg, medium dose: 50 mg/kg, and low
dose: 25 mg/kg were administered continuously for

28 days. In the cell-based experiments, the 3T6 fibroblast
cell line was treated with resveratrol at concentrations of
25 mg/mL, 5 mg/mL, and 10 mg/mL for 24 h (Liu et al,
2023)

Triptolide (16 g kg day”) were intragastrically
administered for 35 days since 7th day after BLM
administration (Lin et al., 2023)

Oral administration of EOCW at 100 and 200 mg/kg
daily for 28 days significantly ameliorated lung tissue
injury (Tavares et al,, 2021)

Oral administration of OLP at doses of 0.3 g/kg, 0.5 g/kg,
and 1.0 g/kg daily for 3 weeks (Zhou et al., 2020)

From day 8 to day 21 of BLM injection, heterophyllin B
were orally administered daily (20 mg/kg) (Shi et al,,
2022)
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Category

Polysacch-arides

Saponins and
Alkaloids

Natural Amino
Acids and
Proteins

Origin
(marine)

Phacophyta

Deep-sea
fungus Tricho-
derma sp. MCCC
3A01244

Spirulina platensis

Eucheuma

Compound

Low molecular
weight fucoidan

Trichocarboline A

Phycocyanin

EZY-1

BLM-treated
mouse model
and TGF-treated
A549 cells

Human lung
fibroblast cell
line HFL1

BLM-induced
mouse model

BLM-induced
mouse model

Animal
disease
model

Lung tissue and
BALF

HEFLI cell

Serum and

lung tissue

Lung tissue

Sample for pharmacological
analyses

Downregulated the TGE-p/Smad and
PI3K/AKT signaling pathways, reduced
oxidative stress and inflammation, and

significantly reduced the expression of key
factors such as COL2AL, p-catenin, TGF-
B, TNF-a and IL-6 in lung tissue

Potential anti-pulmonary fibross effect by
inhibiting TGF-p/Smad signaling,
reducing ECM deposition in vitro

Attenuated vimentin upregulation and
E-cadherin downregulation, reduced
interleukin 6 (IL-6), tumor necrosis
factor-a (TNF-a) and myeloperoxidase
(MPO) levels, and inhibited the TLR2-
MyD88- NF-kB pathway

Inhibited PI3K p85 subunit, ERKI,
P3SMAPK and c-Abl, and thus regulated
PI3K-Akt-mTOR, Racl-PAK2-cAb1 and
MAPK pathway. And EZY-1 significantly
inhibited the phosphorylation of

Smad2 and Smad3 in mouse lung tissue,
indicating that it interfered with TGF-p/
Smad signaling pathway

References
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