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Pulmonary fibrosis (PF) is a progressive interstitial lung disease marked by the excessive buildup of fibrous connective tissue, leading to permanent damage to respiratory function due to irreversible changes in lung structure. Despite significant progress in understanding its underlying mechanisms, translating this knowledge into effective prevention or treatment remains a major clinical challenge. Ferroptosis, a form of controlled cellular demise triggered by iron, involves the accumulation of lipid peroxides, resulting in irreversible membrane disintegration and oxidative metabolic failure. Emerging studies suggest that ferroptosis exacerbates PF progression by promoting macrophage polarization, fibroblast proliferation, and extracellular matrix deposition, ultimately leading to alveolar epithelial cell death and fibrotic tissue remodeling. Consequently, targeting ferroptosis presents a promising therapeutic approach, with traditional Chinese medicine (TCM) showing particular potential through its multi-dimensional and holistic mechanisms. TCM compounds, extracts, and bioactive monomers exhibit anti-inflammatory, antioxidant, and multi-target properties that demonstrate significant value in managing PF. To develop innovative therapeutic strategies for PF, this review synthesizes recent progress in elucidating ferroptosis pathways implicated in the pathogenesis of PF and underscores the therapeutic potential of TCM in PF management via ferroptosis inhibition. Moreover, this paper highlights the advantages of integrating nanotechnology with TCM for regulating ferroptosis in PF treatment. In general, this paper will provide new perspectives for advancing research and clinical applications of TCM in the treatment of PF.
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1 INTRODUCTION
Pulmonary fibrosis (PF) is a chronic and progressive pulmonary disorder marked by the proliferation of fibrous tissue and the formation of scar tissue within the lung parenchyma. This condition impairs lung function and reduces the oxygen supply to the body, leading to severe respiratory issues and potentially fatal complications (Ma et al., 2024). Idiopathic pulmonary fibrosis is the most common form of PF. Epidemiological studies indicate that the global incidence of idiopathic pulmonary fibrosis ranges from 0.09 to 1.30 cases per 10,000 annually and is on the rise (Maher et al., 2021; Hu et al., 2024). The primary clinical treatments for PF include pharmacotherapy (pirfenidone and nindazanib), oxygen therapy, and lung transplantation (Ma et al., 2024). Despite ongoing research into its causes and mechanisms, PF remains a significant clinical challenge, as there are no therapies available that can reverse the disease. Prognosis remains poor, with a median survival time of less than 5 years for most patients (Meyer, 2017; Savin et al., 2022). Therefore, the vigorous development of anti-fibrotic treatments is of great clinical importance.
Ferroptosis, an iron-dependent form of regulated cell death, is characterized by an excessive buildup of lipid peroxides and disrupted redox homeostasis (Jiang et al., 2021; Xu et al., 2021). The principal mechanisms involve dysregulated iron metabolism, generation of reactive oxygen species (ROS), peroxidation of polyunsaturated fatty acids (PUFAs), glutathione (GSH) depletion, and inhibition of glutathione peroxidase 4 (GPX4) (Dixon et al., 2012; Hu et al., 2024). Morphologically, ferroptotic cells display a distinct ballooning phenotype, characterized by clear, rounded contours and a translucent, vacuolized cytosol. Additionally, their mitochondria are shrunken with reduced or absent cristae, features that distinguish this process from apoptosis, necrosis, and autophagy (Jiang et al., 2021; Anna Martina et al., 2023; Alessandro et al., 2024; Zhang F. et al., 2024). Ferroptosis is closely associated with the pathology of various diseases, acting as a “double-edged sword” by either promoting disease progression or serving as a therapeutic target. A large number of recent studies have found a high correlation between ferroptosis and PF. Through mechanisms such as lipid peroxidation and oxidative stress, ferroptosis plays a crucial role in the occurrence and development of PF (Pei et al., 2022; Yang H. H. et al., 2022; Sun L. F. et al., 2024). Recent studies have increasingly explored the potential of traditional Chinese medicine (TCM) in mitigating PF through the regulation of ferroptosis (Chen T. et al., 2024).
To explore new therapeutic strategies, the first part of this review elaborates on the relationship between ferroptosis and the development of PF (Figure 1). TCM, with its multi-component, multi-target, and multi-pathway advantages, presents a promising approach. Herbal medicines and other naturally derived active compounds possess anti-inflammatory, antioxidant, anti-tumor, and immunomodulatory effects, holding significant value in the prevention and treatment of PF (Chen Y. Q. et al., 2024; Xu et al., 2024). Our reviewed literature indicates that targeting ferroptosis is a crucial mechanism for treating PF with TCM. The second part of this review summarizes the existing evidence supporting the use of TCM to modulate ferroptosis in managing PF, highlighting specific TCMs and their active compounds that demonstrate anti-fibrotic potential through ferroptosis modulation (Figure 1). Furthermore, nanotechnology-enabled delivery systems (e.g., liposomes, polymeric nanoparticles) enhance TCM bioavailability, enable targeted accumulation in fibrotic lesions, and reduce off-target toxicity of TCM. This paper also analyzes the application of nanotechnology-assisted TCM delivery in reversing ferroptosis-mediated PF, as well as biomedical engineering technology. Finally, the challenges and future prospects of TCM-based therapeutic strategies targeting ferroptosis inhibition are discussed. In summary, this review synthesizes recent research on the role of TCM in PF treatment, focusing on its effects on ferroptosis and related signaling pathways, to guide TCM-based strategies for fibrotic diseases.
[image: Diagram illustrating the process of ferroptosis and related cellular pathways. It shows iron transport, oxidative stress, lipid peroxidation, and the role of various compounds and proteins like TGF-β1, Nrf2, and GPX4. Injury triggers ferroptosis leading to fibroblast activation and ECM remodeling. Various inhibitors and activators, including natural compounds, influence these pathways.]FIGURE 1 | Molecular mechanisms of ferroptosis in PF progression. Ferroptosis is activated through four core pathways: (1) Iron metabolism dysregulation causes intracellular free iron accumulation, facilitating Fenton reactions; (2) Overproduction of ROS mediated by mitochondria and NADPH oxidase; (3) Peroxidation of PUFAs via LOX activity; (4) Dysfunction of the GPX4-dependent antioxidant system. These mechanisms collectively result in lipid peroxidation, leading to ferroptosis. Damaged AECIIs release damage-associated molecular patterns (DAMPs), attracting and activating immune cells (e.g., macrophages, neutrophils, lymphocytes), which secrete pro-fibrotic factors including TGF-β, platelet-derived growth factor (PDGF), and matrix metalloproteinase-9 (MMP-9). These signals activate the epithelial-mesenchymal transformation (EMT) program, which promotes fibroblast proliferation/differentiation, leading to abnormal collagen deposition and tissue remodeling in the extracellular matrix (ECM), ultimately contributing to PF.2 ROLE OF FERROPTOSIS IN PF DEVELOPMENT
2.1 Abnormal iron metabolism
Iron is an essential trace element in human physiology, playing a vital role in the regulation of systemic biological processes (Pei et al., 2022). Under normal conditions, pulmonary iron homeostasis is maintained by macrophage phagocytosis, epithelial antioxidant defenses, and the mucociliary clearance system. Additionally, the lung employs a specific detoxification process by releasing transferrin and ferritin into the epithelial lining fluid. These iron-binding proteins are either cleared by the mucociliary escalator or sequestered long-term in the reticuloendothelial system, thus preventing iron-induced oxidative stress (Tomas and Elizabeta, 2015; Bruno et al., 2023). Recent studies indicate that disruptions in iron metabolism in the lungs are closely linked to the onset and progression of PF (Yuan et al., 2022; Zhai et al., 2023). These metabolic disturbances arise from disorders in iron absorption, transport, storage, and utilization, influenced by various external factors, diet, intestinal function, genetic predispositions, abnormalities in key proteins, changes in iron storage forms, and iron utilization disorders, all of which interact to contribute to PF (Li et al., 2021b). Redox-active iron, particularly Fe2+, facilitates hydroxyl radical production via the Fenton reaction, exacerbating ROS-induced tissue damage, inflammation, and lipid peroxidation, thereby promoting fibrosis and lung function decline (Dixon and Stockwell, 2014). In animals with PF, lung iron metabolism abnormalities, characterized by increased iron levels, iron-laden macrophages, and oxidative stress induced by iron, may contribute to the development and progression of PF (Sun Y. et al., 2024). In a study, Shao et al. found that in a bleomycin (BLM)-induced PF model, mitochondrial iron deposition in alveolar epithelial type II cells (AECIIs) increase significantly, leading to mitochondrial dysfunction and cellular damage, with the upregulation of the mitochondrial iron transporter Mitoferrin-2 being a key factor (Shao et al., 2024). In PF, abnormal iron metabolism is closely related to macrophage irregularities, jointly promoting disease progression. Studies have found that in the BLM-induced PF mouse model, Tfr1+ macrophages increase and display an M2 phenotype, but decrease following treatment with the iron chelator deferoxamine (Ali et al., 2020; Ogger and Byrne, 2020). Importantly, systemic iron overload leads to excessive iron deposition in lung cells, particularly in AECIIs, alveolar macrophages, vascular smooth muscle cells, and ciliated airway epithelial cells (Figure 1) (Neves et al., 2017). Overall, maintaining iron homeostasis is critical for lung health, as its disruption can initiate fibrotic processes. Targeting iron metabolism pathways offers a promising therapeutic approach for PF intervention.
2.2 ROS generation
The lungs are especially vulnerable to oxidative stress compared to other organs due to their direct exposure to high oxygen levels (Cheresh et al., 2013). They are regularly exposed to reactive oxidants from external sources such as tobacco, asbestos/silica, radiation, bleomycin, and various drugs, as well as from internal sources produced by inflammatory cells, and epithelial, mesenchymal, and endothelial cells within tissues. Several enzymatic systems, including nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs), xanthine oxidase (XO), nitric oxide synthase (NOS), and the mitochondrial electron transport chain, contribute to ROS production (Winterbourn, 2008). Most ferroptosis-associated ROS stem from the Fenton and Haber-Weiss reactions (Jiang et al., 2024). Excessive ROS in the lung can trigger lipid peroxidation. ROS interact with PUFAs in lipid membranes, forming lipid peroxides that, when present in large amounts, can cause ferroptosis (Endale et al., 2023). Increased ROS production is a key factor in PF, contributing to epithelial cell death and fibroblast differentiation, leading to DNA damage and telomere shortening, which are indicative of the disease (Kliment and Oury, 2010; McDonough et al., 2018). Transforming growth factor-β1 (TGF-β1) stimulates fibrotic responses in lung epithelial cells through NADPH oxidase 4 (NOX4)-mediated activation of the SRC kinase FYN, which then induces mitochondrial ROS generation, DNA damage responses, and the expression of profibrotic genes (Veith et al., 2021). NOX4 plays a crucial role in regulating the pulmonary myofibroblast phenotype in PF, acting as an important regulator of Smad2/3 transcriptional activation downstream of TGF-β1 signaling in pulmonary fibroblasts (Zhang et al., 2017). In addition, ROS-driven PF is positively correlated with cellular senescence, a process that may be exacerbated by the activation of the NOD-like receptor thermal protein domain-associated protein 3 (NLRP3) inflammasome (Feng et al., 2024). Excessive ROS production exacerbates PF by inducing oxidative stress, alveolar epithelial cell injury, and pro-inflammatory signaling (Figure 1). Therapeutic approaches, such as antioxidant agents, ROS-scavenging enzymes, or targeted inhibition of NOX4-mediated ROS generation, may mitigate pathological remodeling and restore redox homeostasis, offering new methods to halt PF progression.
2.3 PUFAs peroxidation
The excessive oxidation of phospholipids containing PUFAs is considered a key feature of ferroptosis (Wiernicki et al., 2020). PUFAs, serving as the primary substrates for lipid metabolism in ferroptosis, especially arachidonic acid (AA) and adrenaline, are converted into PUFA-PE through the action of acyl-CoA synthetase long chain member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3). Once oxidized by lipoxygenases (LOXs), these products can generate lipid peroxides like polyunsaturated fatty acid hydroperoxide (PUFA-OOH) (Liang et al., 2022). During AA metabolism, inflammatory mediators such as leukotrienes are produced, which have strong chemotactic properties that attract inflammatory cells such as macrophages and neutrophils to the lung tissue, triggering or worsening the inflammatory response. This persistent inflammation forms a crucial pathological basis for the occurrence and progression of PF (Figure 1) (Charbeneau and Peters-Golden, 2005; Chen and Dai, 2023). Chung et al. found an increase in the expression of 12-LOX within a radiation-induced mouse model of PF. This change promotes the metabolism of more PUFAs and simultaneously stimulates type II pneumocytes to secrete interleukin-4 (IL-4) and interleukin-13 (IL-13). In the inflammatory microenvironment of the lung tissue, various cytokines and ROS produced can, in turn, influence the activity and expression of enzymes related to PUFAs metabolism. For example, in a paraquat-induced mouse model of PF, Tomitsuka et al. identified not only the upregulation of inflammation-related genes but also an increase in ACSL4 expression in alveolar epithelial cells. This upregulation further exacerbates ferroptosis and the inflammatory response, establishing a vicious cycle that accelerates the progression of PF (Chung et al., 2019). Therefore, targeting PUFA peroxidation may present a promising new approach for treating PF.
2.4 Imbalance of antioxidant system
Excessive ROS production and weakened antioxidant defenses together lead to increased oxidative stress, which is mechanistically associated with the progression of PF (Hu et al., 2024). Antioxidants play a vital role in mitigating oxidative stress by donating hydrogen atoms, thereby interrupting the peroxidation chain reaction. Multiple pathways, such as the actions of catalase (CAT), superoxide dismutase (SOD), GSH, and GPX4, contribute to the inhibition of lipid peroxidation (Liang et al., 2023; von Krusenstiern et al., 2023). In one study, Shariati et al. reported a reduction in the activities of SOD, CAT, and GPX enzymes, along with decreased GSH levels and increased malondialdehyde (MDA) levels in BLM-induced pulmonary fibrotic tissues (Shariati et al., 2019). Furthermore, another study suggested that downregulation of solute carrier family 7 member 11 (SLC7A11, a component of the cystine/glutamate antiporter) can suppress GPX4 activity by disrupting cystine metabolism. This leads to the accumulation of lipid peroxides and PF development (Liu et al., 2024). Mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38, are activated by oxidative stress through phosphorylation. Additionally, MAPKs can activate nuclear factor kappa-B (NF-κB), with the MAPK/NF-κB pathway playing a crucial role in PF pathogenesis (Zhu et al., 2024).
The nuclear factor erythroid 2-related factor 2 (Nrf2) is an essential transcription factor integral to the cellular response to oxidative stress (Dodson et al., 2019). Under normal conditions, Nrf2 and its target genes are expressed at basal levels (Zaghloul et al., 2019; Li et al., 2025). However, during the development of PF, reduced Nrf2 expression is strongly linked to oxidative stress imbalance. This imbalance may lead to continuous damage to AECIIs, subsequently triggering excessive activation and repair dysregulation of myofibroblasts in lung tissue, which ultimately results in the onset of PF (Figure 1) (Yang et al., 2018). Therefore, dysregulation of Nrf2 activity has been proposed as a contributing factor in the pathogenesis of PF.
3 TCM FOR TREATING PF THROUGH FERROPTOSIS REGULATORY PATHWAY
3.1 Regulation of iron metabolism
Ferritinophagy is a process in which nuclear receptor coactivator 4 (NCOA4) selectively binds to ferritin and facilitates its degradation in lysosomes. This action increases intracellular iron content and the labile iron pool (LIP), triggering ferroptosis (Gao et al., 2016). Inhibitors of ferritinophagy and NCOA4 can block ferritin degradation, prevent erastin-mediated ferroptosis, and mitigate PF. Yuan et al. investigated how dihydroquercetin (DHQ) alleviates silica-induced PF by inhibiting the ferroptosis signaling pathway. Their research demonstrated that DHQ significantly reduces inflammation and fibrosis in lung tissues in both in vivo and in vitro experiments. DHQ hinders the onset of ferroptosis by lowering iron accumulation and lipid peroxidation products, while boosting GPX4 and GSH levels. In addition, DHQ inhibits ferritinophagy by downregulating the expression of microtubule-associated protein 1A/1B-light chain 3 and upregulating the expression of ferritin heavy chain 1 and NCOA4, thereby further suppressing ferroptosis. Animal experiments revealed that DHQ treatment notably alleviates silica-induced PF in mice, reduces collagen deposition and inflammation, and lowers pro-inflammatory cytokine levels (Yuan et al., 2022). Hence, DHQ exhibits notable advantages in mitigating PF through multiple mechanisms. Its efficacy in both cellular and animal models underscores its potential as a natural therapeutic agent for silica-induced PF, offering a multi-target approach with reduced toxicity risks compared to synthetic drugs.
Building on this, recent research highlights additional natural compounds and formulations that similarly regulate iron metabolism to counteract PF. The natural product fraxetin effectively suppresses ferroptosis by decreasing NCOA4 expression, thereby providing protection against pulmonary inflammation and fibrosis in BLM-induced PF mouse models (Zhai et al., 2023). As a phytochemical, fraxetin boasts a favorable safety profile with potentially lower toxicity compared to synthetic drugs. Its multi-target mechanism includes suppressing iron overload and ferroptosis by downregulating NCOA4, thus maintaining alveolar epithelial cell integrity. Additionally, fraxetin mitigates inflammation by reducing pro-inflammatory cytokine release and enhances mitochondrial function, addressing key pathological factors of fibrosis. Unlike current therapies like nintedanib and pirfenidone, which primarily slow disease progression, fraxetin’s dual action on ferroptosis and inflammation highlights its promise as a novel, naturally derived therapeutic agent for PF. Another study revealed that the Qingfei Xieding prescription (QF) lowered Fe2+ levels, decreased the mortality rate of mice, alleviated the inflammation and fibrosis of lung tissues, and improved lung function (Sun Y. et al., 2024). QF’s synergistic composition targets multiple pathways, including inhibition of ferroptosis and modulation of the ACE2-ERK signaling axis, resulting in reduced lipid peroxidation, iron overload, and mitochondrial damage. Unlike single-target therapies, QF’s holistic action combines anti-fibrotic, anti-inflammatory, and antioxidant effects, underscoring its potential as a safer, naturally derived alternative with broader therapeutic efficacy for PF.
3.2 Inhibition of ROS generation
Oxidation plays a significant role in fibrogenesis by causing oxidative damage to critical biomolecules such as DNA, lipids, and proteins, primarily due to ROS overproduction (Cheresh et al., 2013). Recent studies emphasize the crucial role of NOX family oxidoreductases in maintaining redox homeostasis through enzymatic ROS generation during fibrogenesis (Hecker et al., 2012). Specifically, NOX4 is identified as a key regulator of myofibroblast activation within PF microenvironments (Amara et al., 2010). These mechanistic insights have led to the exploration of NOX isoform-specific inhibition as a promising therapeutic approach to mitigate pathological ECM remodeling in fibrotic diseases. Chu et al. investigated the anti-fibrotic mechanisms of Shen-mai-kai-fei-san (Shenks) on PF. Both prophylactic and therapeutic administration of Shenks significantly reduces BLM-induced PF in C57BL/6 female mice, decreasing lung collagen content and mRNA levels of Col1a1, Col1a2, Col3a1, connective tissue growth factor (CTGF), and TGF-β. Furthermore, Shenks lowers the number of inflammatory cells in bronchoalveolar lavage fluid. Mechanistically, it blocks the TGF-β pathway by reducing Smad3 phosphorylation and Smad-binding element activity. Notably, Shenks inhibits NOX4 expression and ROS production while upregulating antioxidant genes. These findings indicate that Shenks can inhibit PF, highlighting its potential as a treatment for this disease (Chu et al., 2017). As a TCM formula, Shenks offers unique benefits in combating PF through a holistic and synergistic approach based on TCM principles. It comprises multiple herbs classified under the “Jun-Chen-Zuo-Shi” framework, balancing the body’s Qi and Yin-Yang while addressing both root causes and symptoms. Yang et al. reported that oridonin alleviates early PF caused by lipopolysaccharide by inhibiting the NLRP3 inflammasome, NOX4-dependent oxidative imbalance, impaired autophagy, and EMT (Yang L. et al., 2022). Zhang et al. examined the combined effects of Schizandrin B (Sch B) and Glycyrrhizic acid (GA) on BLM-induced PF. The combination inhibits the TGF-β1/Smad2 signaling pathway and overexpression of NOX4 (Zhang et al., 2017). These studies underscore the potential of TCM as multi-modal therapeutics for PF, offering advantages in targeting interconnected pathological pathways with minimal side effects.
During PF progression, there is a close relationship between the TGF-β1/Smad signaling pathway and ROS generation (Jia et al., 2019). TGF-β1 can promote the formation of ROS by inducing the expression of ROS-producing enzyme NOX4 (Cui et al., 2021). Andrographolide has been shown to mitigate TGF-β1-induced EMT in alveolar epithelial A549 cells by suppressing both Smad2/3 and Erk1/2 signaling pathways activated by TGF-β1, alongside significantly reducing ROS levels in the process (Li et al., 2020). Another study found that Bruceine A exerts antifibrotic effects by targeting galectin-3 to disrupt its interaction with TGF-β1, thereby inhibiting Smad-dependent signaling pathways and slowing fibrotic progression (Du et al., 2025). By targeting these interconnected pathways, such TCMs illustrate the potential for multifaceted approaches to fibrosis treatment. Their integration into modern medical practices could give rise to innovative, comprehensive strategies against PF.
3.3 Inhibition of PUFAs peroxidation
Lipids containing diallyl carbons and PUFAs are highly susceptible to lipid peroxidation, which can induce ferroptosis (Kagan et al., 2017). Ferroptosis is pivotal in the development of PF. The metabolism of PUFAs also changes during the development of PF. AA, a type of PUFAs, is crucial in ferroptosis and serves as a precursor to inflammatory mediators, which can be converted into various substances that exacerbate inflammation and promote the development of fibrosis (Charbeneau and Peters-Golden, 2005). Gao et al. found that a low dose of Qingwen Gupi Decoction (QGT) alleviates inflammation and fibrotic tissue damage in a rat fibrosis model. Metabolomic analysis revealed that QGT’s anti-fibrotic effects are linked to changes in AA metabolism. QGT can regulate key metabolic biomarkers of AA, such as increasing 15-hydroxyeicosatetraenoic acid levels and downregulating TGF-β1 and Smad3 expression, thereby hindering PF progression (Gao et al., 2023). Moreover, Chen et al. analyzed the Shuangshen Pingfei Formula (SSPF) used for PF treatment and identified the involvement of the AA metabolic pathway in PF (Chen T. et al., 2024). Both QGT and SSPF, as TCM compounds, demonstrate therapeutic efficacy against PF by modulating PUFA metabolism, particularly targeting AA-related pathways. These multi-component formulations showcase the advantages of TCM in addressing inflammation, oxidative stress, and ECM remodeling through multi-pathway regulation. Their holistic action, supported by metabolomic and transcriptomic evidence, highlights the potential of integrating multi-omics approaches to unravel synergistic mechanisms and develop new strategies for treating PF with reduced systemic toxicity.
ACSL4, a key gene in ferroptosis, can facilitate this process, leading to iron overload and enhanced lipid peroxidation within cells, which, in turn, causes cellular damage and death. These changes can further initiate an inflammatory response, activate fibroblasts, and prompt them to secrete a large amount of ECM such as collagen, ultimately resulting in PF. Research by Wen et al. demonstrated that a decoction of Astragalus and Panax notoginseng can reduce ROS levels in lung tissues, downregulate ACSL4 expression, inhibit ferroptosis, and thus alleviate PF (Wen et al., 2024). In a BLM-induced PF mouse model, lipoxygenase 2 (LOX2) expression is upregulated in lung tissues. Tao et al. discovered that piceid can suppress both the expression and activity of LOX2. In vitro experiments demonstrated that treating primary mouse lung fibroblasts stimulated by TGF-β1 with piceid can reduce LOX2 expression. In vivo experiments also showed that piceid can counteract weight loss in BLM-induced mice, increase survival rates, and decrease the lung index. Additionally, in the lung tissues of PF mice treated with piceid, both the expression and mRNA levels of LOX2 are decreased, thereby alleviating PF (Tao et al., 2017). Therefore, investigating the relationships among PUFAs, ferroptosis, and PF is crucial for advancing our understanding of PF pathogenesis and identifying potential new therapeutic targets.
3.4 Regulation of antioxidant system
The GSH/GPX4 system is recognized as a major factor in preventing peroxidative damage and thus decelerating the progression of ferroptosis, which plays a vital role in the pathogenesis of PF. By maintaining adequate GSH levels and GPX4 functionality, along with the efficient functioning of the system Xc−, the antioxidant defense mechanism is strengthened, thereby suppressing ferroptosis and alleviating PF (Zhang T. et al., 2024). Shariati et al. investigated the protective effects of epicatechin (Epi), a flavonoid known for its antioxidant and anti-inflammatory properties, against BLM-induced pulmonary oxidative stress, inflammation, and fibrosis in mice. The animals were divided into groups and received different doses of Epi before and after BLM administration. The findings revealed that Epi markedly reduces oxidative stress markers (e.g., increased activities of SOD, CAT, GPX, and GSH levels, while decreasing MDA levels) and fibrotic markers (e.g., reduced hydroxyproline and TGF-β levels) in a dose-dependent manner. Histopathological analysis corroborated that Epi alleviates alveolitis, inflammation, and collagen deposition. The protective mechanism of Epi is attributed to its antioxidant properties, including free radical scavenging and metal ion chelation, which mitigates BLM-induced lung injury (Shariati et al., 2019). Similarly, Mehrabani et al. demonstrated that crocin administration significantly decreases tumor necrosis factor alpha (TNF-α), MDA, and nitric oxide (NO) levels in BLM-induced PF models. This therapeutic approach also bolsters pulmonary antioxidant defenses, as evidenced by increased enzymatic activities of GSH, CAT, and GPX (Mehrabani et al., 2020). In another study, Peimine relieves BLM-induced PF by upregulating E-cadherin and downregulating vimentin, while also reducing the expression of interleukin-1β (IL-1β), interleukin-6 (IL-6), and TNF-α, increasing SOD and GPX activities, and lowering MDA levels in the lungs (Li L. et al., 2023). In summary, the TCM ingredients mentioned above, along with others listed in Table 1, illustrate the benefits of TCM-derived interventions in PF treatment: multi-pathway regulation, ferroptosis inhibition through antioxidant reinforcement, and minimized toxicity. These properties make TCM promising candidates for integrative strategies against PF, combining traditional knowledge with modern mechanistic insights.
TABLE 1 | Potential therapeutic drugs targeting ferroptosis for PF.	Classification	Therapeutic agents	Targeting molecule	Potential mechanism	Application	References
	Regulation of iron metabolism	Dihydroquercetin	Ferritinophagy inhibitor	Decrease the accumulation of iron and lipid peroxidation products, and increase levels of GSH and GPX4	Alleviate PF	Yuan et al. (2022)
	Fraxetin	NCOA4 inhibitor	Inhibit NCOA4	Alleviate PF	Zhai et al. (2023)
	Qingfei Xieding prescription	ACE2-ERK agonist	Activate ACE2-ERK signaling axis, reduce the levels of MDA, ROS and Fe2+	Alleviate PF	Sun et al. (2024a)
	Inhibition of ROS generation	Shenks	NOX4 inhibitor	Block TGF-β pathway and inhibit NOX4 and ROS	Inhibit PF	Chu et al. (2017)
	Oridonin	NOX4 inhibitor	Inhibit NOX-4-dependent oxidative imbalance and induce the overexpression of Nrf2 and HO-1	Alleviate early PF	Yang et al. (2022a)
	Schizandrin B and Glycyrrhizic acid	NOX4 inhibitor	Inhibit TGF-β1/Smad2 signaling pathway and overexpression of NOX4	Synergistic protection against PF	Zhang et al. (2017)
	Arenaria kansuensis	NOX4 inhibitor	Downregulate NOX4, activate of Nrf2 pathway and inhibit NF-κB/TGF-β1/Smad2/3 pathway	Attenuate PF	Cui et al. (2021)
	Jinshui Huanxian formula	NOX4 inhibitor	Restore the balance of Nrf2–NOX4	Treat PF	Bai et al. (2018)
	Gallic acid derivative	NOX4 inhibitor	Inhibit TGF-β1/Smad2 signaling pathway and balance NOX4/Nrf2	Alleviate PF	Rong et al. (2018)
	Qing Fei Hua Xian Decoction	NOX4 inhibitor	Restore the balance of Nrf2–NOX4, ACE-AngII-AT1R and ACE2-Ang-(1–7)-Mas axes	Treat PF	Li et al. (2023b)
	Salvia miltiorrhiza	NOX4 inhibitor	Reduce PKC-δ/Smad3 signaling activation and balance NOX4/Nrf2	Alleviate PF	Peng et al. (2019)
	Costunolide	NOX4 inhibitor	Block NF-κB and TGF-β1/Smad2/Nrf2-NOX4 signaling pathways	Inhibit PF	Liu et al. (2019)
	Mogrol	NOX4 inhibitor	Activate AMPK and ameliorate TGF-β1 signaling pathway, restore NOX4 abnormal expression	Against PF	Liu et al. (2021)
		Ginkgetin	NOX4 inhibitor	Promote AMPK phosphorylation and Sirt1 expression, inhibit NOX4	Against PF	Ren et al. (2023)
	Tanshinone IIA	NOX4 inhibitor	Reduce PKC-δ/Smad3 signaling activation and balance NOX4/Nrf2/GSH; suppress TGF-β1/Smad signaling, inhibit NOX4 expression and activate the Nrf2/ARE pathway	Restrain PF; attenuate silica-induced PF	An et al. (2019),Feng et al. (2019)
	Lonicera japonica	NF-κB/TGF-β1 inhibitor	Inhibit TGF-β and NF-κB signaling pathways, regulate the production of ROS	Against PM2.5 induced PF	Lee et al. (2023)
	Quercetin-3-Rutinoside	NF-κB/TGF-β1 inhibitor	Inhibit NF-κB/TGF-β1 signaling, decrease ROS and NO	Alleviate radiation-induced PF	Verma et al. (2022)
	Mangiferin	TGF-β1/Smad inhibitor	Inhibit TLR4/p65 and TGF-β1/Smad2/3 pathway, downregulate ROS generation	Attenuate PF	Jia et al. (2019)
	Andrographolide	TGF-β1/Smad inhibitor	Suppress TGF-β1/Smad2/3/Erk1/2 signaling pathways, reduce ROS	Treat PF	Li et al. (2020)
	Bruceine A	TGF-β1/Smad inhibitor	Inhibit TGF-β1/Smad pathway, reduce MMP and ROS	Prevent PF	Du et al. (2025)
	Inhibition of PUFAs peroxidation	Qingwen Gupi decoction	TGF-β1/Smad inhibitor	Downregulate TGF-β1 and Smad-3, intervene AA, GPL and Phe metabolism	Alleviate PF	Gao et al. (2023)
	Shuangshen Pingfei formula	AA metabolic pathway regulator	Regulate PF-related AA pathway metabolites	Alleviate PF	Chen et al. (2024b)
	Astragalus and Panax notoginseng decoction	Hif-1α-EGFR agonist	Activate Hif-1α-EGFR signaling pathway, downregulate ACSL4, PTGS2, and ROS while upregulating GPX4 and SLC7A11	Alleviate PF	Wen et al. (2024)
	Rhapontin	AMPK agonist	Activate AMPK and suppress the TGF-β/Smad pathway, decrease LOX2 and p-Smad2/3	Prevent PF	Tao et al. (2017)
	Regulation of antioxidant system	Epicatechin	Antioxidant	Increase the activity of GPX, SOD, CAT and GSH level, reduce tissue levels of MDA, HP, TGF-β and lung index	Against pulmonary oxidative stress, inflammation and fibrosis	Shariati et al. (2019)
	Crocin	Antioxidant; Nrf2/HO-1 agonist	Decrease TNF-α, MDA and NO levels, increase GSH, CAT and GPX; activate Nrf2/HO-1 signal pathway	Against PF	Zaghloul et al. (2019),Mehrabani et al. (2020)
	Peimine	Antioxidant	Decrease HYP, vimentin, IL-1β, IL-6 and TNF-α, increase SOD and GPX	Ameliorate PF	Li et al. (2023c)
	Chuanxiong Kangxian granules	Antioxidant	Reduce the levels of SOD and GSH	Ameliorate PF	Shi et al. (2017)
	Polydatin	Antioxidant	Restore GSH content and hinder MDA and 8-OHdG levels	Against PF	Ali et al. (2022)
	Andrographolide	Antioxidant	Reduce NIT, MDA and upregulate GSH	Against silica induced PF	Karkale et al. (2018)
	Pachymic Acid	Antioxidant	Reduce IL-6 and TNF-α, increase IL-10. Decrease HYP and MDA, and increase SOD and GPX. Inhibit NLRP3, ASC, IL-1β, P20, and TXNIP	Against PF	Wang et al. (2023)
	Chrysin	Antioxidant	Reduce HYP, TGF-β1, TXNIP, MDA, NOx, iNOS, HIF-1α and increase GSH and SOD	Mitigate PF	Kseibati et al. (2020)
	Rutin	Antioxidant	Decrease HYP, MDA, NO, TGF-β1, α-SMA/Col I and III, increase SOD and GSH	Ameliorate PF	Bai et al. (2020)
	Chlorogenic acid	Antioxidant	Increase GPX, CAT and SOD	Prevent oxidative and fibrotic injuries induced by PQ	Larki-Harchegani et al. (2023)
	Baicalin	Antioxidant	Decrease HYP and MDA, increase SOD, GSH-PX, T-SOD and GSH	Treat PF; suppress PF and fibroblast proliferation	Zhao et al. (2020),Chang et al. (2021)
	Quercetin and gallic acid	Antioxidant	Enhance SOD, GSH and decrease NO, IL-6	Attenuate PF	Mehrzadi et al. (2021)
	Schisandrin B	Antioxidant	Decrease HYP and TGF-β1, increase SOD and T-AOC	Attenuate PF	Wang et al. (2020)
	Hyperoside	Antioxidant	Reduce the levels of MDA, TNF-α, and IL-6 and increase the activity of SOD	Attenuate PF	Huang et al. (2020)
		Hesperetin	Antioxidant	Decrease IL-1β、IL-4、TNF-α, HYP and MDA, increase SOD, CAT, GPX, IFN-γ and IL-10	Attenuate silica-induced lung injury	Li et al. (2021a)
	Piceatannol	Antioxidant	Downregulate MDA, HDAC2, HDAC4 and TGF-β, increase GSH	Treat PF	Eldeen et al. (2023)
	Cinnamaldehyde	Antioxidant	Reduce HYP level and inhibit ROS production as well as enhance SOD	Ameliorate PF	Yan et al. (2018)
	Pachymic acid	Antioxidant	Increase the levels of SOD, CAT and ATP, decrease the activities of MDA and ROS	Treat PF	Li et al. (2023a)
	Tuberostemonine	SLC7A11/GSH transporter agonist	Enhance the expression of the SLC7A11/GSH transporter	Alleviate PF	Liu et al. (2024)
	Dihydroartemisinin	Nrf2/HO-1 agonist	Activate Nrf2/HO-1 signal pathway	Alleviate PF; mitigate RILI	Yang et al. (2018),Ning et al. (2024)
	Nobiletin	Nrf2/HO-1 agonist	Block PI3K/AKT/mTOR signaling, improve Nrf2/HO-1 pathway	Ameliorate PF	El Tabaa et al. (2023)
	Phillygenin	Nrf2/HO-1 agonist	Upregulate Nrf2, HO-1 and NQO-1, inhibit PI3K-Akt–mTOR signaling pathway	Prevent PF	Wei et al. (2025)
	Atractylenolide III	Nrf2 agonist	Activate Nrf2/NQO1/HO-1 pathway, increase SOD and GSH, decrease MDA and LDH	Attenuate PF	Huai and Ding (2020)
	Liquiritigenin	SIRT1/Nrf2 agonist	Activate SIRT1/Nrf2 signaling pathway	Against PF	Hua and Ren (2024)
	Zerumbone	SIRT1/Nrf2 agonist	Activate the SIRT1/Nrf2 pathway, enhance SOD, GSH-PX and decrease MDA, ROS	Alleviate PF	Bian et al. (2024b)
	Quercetin	Nrf2 agonist	Induce Nrf2	Anti-fibrogenic and anti-inflammatory effects; against PF	Veith et al. (2017),Boots et al. (2020)
	Tanshinone IIA	Nrf2 agonist	Activate Sesn2-Nrf2 signaling pathway; inhibit TGF-β1/Smad signaling pathway and activate Nrf2 signaling pathway	Restrain PF; attenuate silica-induced PF	Feng et al. (2020),Li et al. (2022)
	Protodioscin	Nrf2 agonist	Activate NBR1-p62-Nrf2 pathway	Inhibit PF	Zeng et al. (2024)
		Chelerythrine	Nrf2/ARE agonist	Activate the Nrf2/ARE pathway, upregulate SOD and GSH, decrease 4-HNE and HP, and increase HO-1 and NQO1	Manage PF	Peng et al. (2021)
	Emodin	Nrf2 agonist, TGF-β1 inhibitor	Suppress the TGF-β1/p-Smad-2/p-Smad-3, activate Nrf2 signaling process	Attenuate PF	Tian et al. (2018)
	Ephedrine	Nrf2 agonist, NF-κB inhibitor	Block NF-κB signaling and activate Nrf-2 signaling	Alleviate PF	Tian et al. (2023)
	Kurarinone	Nrf2/HO-1 agonist, TGF-β1 inhibitor	Suppress TGF-β signaling pathway, phosphorylation of Smad2/3 and AKT, activate Nrf2/HO-1 signal pathway	Attenuate PF	Park et al. (2021)
	Rosavin	Nrf2 agonist, NF-κB inhibitor	Downregulate HYP, MDA and increase SOD, GPX. Increase Nrf2, inhibit NF-κB p65, TGF-β1 and α-SMA.	Treat PF	Xin et al. (2019)
	Salvianolic acid B	Nrf2 agonist; MAPK and NF-κB inhibitor	Reduce ROS and MDA, increase GSH, induce Nrf2 activation; inhibit MAPK and NF-κB signaling pathways, against oxidative stress injury	Treat PF; attenuate PF	Liu et al. (2018a),Liu et al. (2018b)
	Sinapic acid	Nrf2/HO-1 agonist, NF-κB inhibitor	Downregulate NF-κB, and activate Nrf2/HO-1 signal pathway	Ameliorate PF	Raish et al. (2018)
	Modified Qing-Zao-Jiu-Fei decoction	NF-κB/Nrf2 and MAPK inhibitor	Suppress the activation of NF-κB/Nrf2 and MAPKs pathways, increase GSH-PX, SOD, GSH and decrease MDA	Treat PF	Zhu et al. (2024)
	Hesperidin	TGF-β1/Smad3/AMPK and NF-κB inhibitor, Nrf2/HO-1 agonist	Inhibit TGF-β1/Smad3/AMPK and IκBα/NF-κB pathways, inhibit downregulated Nrf2 and HO-1 as well as upregulated TNF-α, IL-1β, IL-6, collagen-1, TGF-β, and Smad-3 mRNA	Ameliorate PF	Zhou et al. (2019)
	Anemarrhenae Rhizoma	TGF-β1/Smad inhibitor	Inhibit TGF-β1/Smad signaling pathway, decrease MPO and NO, enhance enzymatic antioxidants activity	Alleviate PF	Shen et al. (2022)
		Resveratrol	TGF-β1/Smad inhibitor	Downregulate the TLR4/NF-κB and TGF-β1/smad3 signaling pathways, increase SOD and GPX	Alleviate PF	Wang et al. (2022)
	Polydatin	TGF-β1 inhibitor	Inhibit TGF-β1 expression and phosphorylation of Smad 2 and 3 and ERK-1 and -2, reduce the levels of HYP, TNF-α, IL-6, IL-13, MPO and MDA and promote SOD activity	Prevent PF	Liu et al. (2020)
	Zingerone	TGF-β1 and iNOS inhibitor	Decrease TNF-α, IL-1β, MDA, TGF-β1, and iNOS and increase SOD and GPX	Against PF	Gungor et al. (2020)
	Wogonin	MAPK inhibitor	Suppress the MAPK pathway, increase GSH-PX, SOD and decrease MDA	Manage PF	Bian et al. (2024a)


As the key transcriptional regulator of cytoprotective responses, Nrf2 coordinates the expression of antioxidant genes crucial for cellular redox homeostasis. Nrf2 inhibits ferroptosis by suppressing lipid peroxidation cascades through downstream effectors like heme oxygenase-1 (HO-1) and SLC7A11 (Xu et al., 2024). Yang et al. studied dihydroartemisinin (DHA) in rats with BLM-induced PF and discovered that DHA significantly lowers oxidative stress (e.g., decreased MDA levels, increased SOD and GSH activities), reduces collagen synthesis, and prevents alveolar epithelial cells from differentiating into myofibroblasts. These positive effects are associated with the upregulation of the Nrf2/HO-1 signaling pathway, as evidenced by increased Nrf2 and HO-1 protein and mRNA expressions in lung tissues. Animal experiments further demonstrated that DHA-treated rats have lower alveolitis severity and fibrosis scores compared to control groups. These findings suggest that DHA could be a potential treatment for PF by modulating the Nrf2/HO-1 signaling pathway to alleviate oxidative stress (Yang et al., 2018). Moreover, Nrf2 interacts with signaling pathways such as TGF-β1, NF-κB, and MAPK, which are crucial in oxidative stress-related pathologies and chronic inflammation (Tian et al., 2018; Zhu et al., 2024). Feng et al. showed that Tanshinone IIA (Tan IIA) mitigates silica-induced oxidative damage by enhancing Nrf2-dependent antioxidant defenses, significantly inhibiting fibrotic matrix deposition in experimental silicosis through the modulation of EMT dynamics and TGF-β1/Smad3 transduction cascades (Feng et al., 2020). In another study, Salvianolic acid B improves inflammatory responses in PF by maintaining endothelial cell integrity under oxidative stress, suppressing vascular hyperpermeability and pro-inflammatory cytokine production through dual modulation of MAPK/NF-κB transduction (Liu M. et al., 2018). These findings underscore the unique advantages of herbal medicine in treating PF through multi-target modulation of oxidative stress and fibrotic signaling cascades. This multi-target approach aligns with TCM principles, offering a holistic treatment method with fewer off-target effects compared to single-pathway inhibitors. The ability of these phytochemicals to maintain cellular redox homeostasis, inhibit EMT, and reduce ECM deposition highlights their potential as safer, natural alternatives or supplements to conventional antifibrotic therapies. Combining TCM’s empirical wisdom with modern mechanistic insights could lead to innovative, precision treatments for oxidative stress-related fibrotic diseases.
4 INTEGRATING TCM WITH NANOTECHNOLOGY TO INHIBIT FERROPTOSIS IN PF
Notably, the chronic systemic administration of conventional anti-fibrotic therapies often leads to issues such as low solubility, poor stability, rapid clearance, and dose-limiting side effects (Wan et al., 2023). In this regard, nanoscale drug carriers present significant benefits for optimizing physicochemical properties and absorption kinetics. These engineered systems enhance drug solubility and biodistribution parameters while facilitating targeted cellular internalization. Specifically, nanoparticle formulations designed for pulmonary use show better alveolar deposition efficiency and extended tissue residence time through controlled release mechanisms. These technological innovations enable dose reduction while maintaining therapeutic efficacy, thereby achieving optimized pharmacokinetic profiles with reduced systemic toxicity (Pramanik et al., 2021; Loo and Lee, 2022).
4.1 ROS-scavenging TCM nanoplatforms mitigate PF
PF is a progressive lung disease induced by oxidative stress and is closely linked to ROS-induced cellular damage and ferroptosis. Targeted delivery of ROS-scavenging TCM through nanocarriers demonstrates great potential in inhibiting ferroptosis thus exerting superior PF treatment effect. In one study, Pan et al. developed a nanopreparation containing Luteolin’s hyaluronidase nanoparticles (referred to as Lut@HAase), which can be locally accumulated in the lungs through non-invasive inhalation to treat PF, thereby enhancing Lut penetration into lesions and promoting ROS scavenging (Figure 2A). In vitro studies on TGF-β1-stimulated MRC5 fibroblasts demonstrated that Lut@HAase achieves a 70% reduction in mean fluorescence intensity of ROS, compared to a 40% reduction with free Lut (Figure 2B). In vivo experiments indicated that Lut@HAase significantly reduces lung tissue damage, as shown by histological examination. Hematoxylin and eosin (H&E) staining showed that lung interstitial cells return to an elongated and flat morphology after Lut@HAase treatment. Moreover, immunofluorescence staining demonstrated decreased α-SMA expression after Lut@HAase treatment, consistent with its antifibrotic action (Figure 2C). In contrast to BLM-induced mice exposed to HAase or Lut alone, those treated with Lut@HAase has ROS levels closest to the control group (Figure 2D) (Pan et al., 2024). In another study, Zheng et al. designed a nanoplatform (AS_LIG@PPGC NPs) co-encapsulating astragaloside IV (AS) and ligustrazine (LIG), which demonstrated potent anti-fibrotic efficacy through dual-pathway suppression of NOX4-mediated ROS/p38 MAPK and NLRP3 signaling, reducing ROS generation while disrupting the self-amplifying loop between NOX4 activation and inflammasome formation (Zheng et al., 2024). Additionally, Yao et al. developed a quercetin delivery system encapsulated by chitosan-based nanoparticles (Qu/CS-NPs) through ionic interaction, improving water solubility and stability of quercetin. This system significantly alleviates silica-induced PF by reducing oxidative stress, inhibiting inflammatory factor release, and decreasing collagen accumulation (Yao et al., 2023).
[image: A multi-part scientific diagram illustrates a lung fibrosis therapy study. Section A shows hyaluronidase and luteolin synthesis, and its effect on lung tissue by degrading hyaluronic acid and providing antioxidant benefits. Section B presents a graph comparing the relative mean fluorescence levels of different treatments. Section C includes images of lung tissues under different conditions: control, PBS, HAase, Lut, and Lut@HAase, with H&E and α-SMA staining. Section D displays fluorescence images showing ROS levels under various treatments. The diagram overall depicts the effectiveness of the Lut@HAase compound in reducing fibrosis indicators.]FIGURE 2 | (A) Schematic illustration of Lut@HAase with efficient anti-fibrotic performance for the treatment of PF. (B) The flow cytometry histogram and quantitative analysis of potential ROS clearance from different treatments for fibrotic cells (n = 3). (C) Representative images of lungs from mice treated with PBS, HAase, Lut, or Lut@HAase after BLM challenge, H&E staining and immunofluorescence staining of α-SMA in lung sections (Scale bars: 50 μm). (D) The levels of ROS in lung tissues from different treatment groups (green: ROS; scale bar: 100 μm). Reprinted with permission from (Pan et al., 2024). Copyright (2024) Wiley-VCH.4.2 Antioxidant system-regulating TCM nanoplatforms mitigate PF
Nanoplatforms have shown great potential in modulating antioxidant systems, offering new methods to address PF. In one study, Zhang et al. developed taraxasterol (TA) loaded methoxy poly (ethylene glycol)-poly (D, L-lactide) (mPEG-PLA) and D-α-tocopheryl polyethylene glycol succinate (TPGS) mixed polymeric micelles (TA-PM) to enhance the properties of TA for pulmonary applications. In the in vitro study, TA inhibits EMT by downregulating mesenchymal markers vimentin and α-SMA, and upregulating the epithelial marker E-cadherin in A549 cells treated with TGF-β1. In a BLM-induced PF mouse model, TA-PM treatment reduces lung inflammation, oxidative stress, and fibrosis. H&E staining revealed that TA-PM treatment normalizes alveolar structure and decreases inflammation. Masson staining indicated that TA-PM alleviates collagen deposition. Immunohistochemistry showed that TA-PM significantly reduces α-SMA expression. Additionally, TA-PM reverses BLM-induced oxidative stress, with high-dose TA-PM almost normalizing GSH, SOD, and MDA levels (Zhang F. et al., 2024). Khawas et al. developed and evaluated umbelliferone (UMB)-loaded nanostructured lipid carriers (NLCs) for PF treatment. UMB-NLC mitigates PF by reducing oxidative stress through suppression of lipid peroxidation (MDA) and restoration of antioxidant defenses (like GSH, SOD, and CAT), counteracting fibrosis-promoting pathways (Khawas et al., 2024). In another study, Sherekar et al. prepared polylactic-co-glycolic acid (PLGA) nanoparticles loaded with diosgenin (DG) and emodin (ED). The findings showed that the designed nanoplatforms can reduce MDA, NADPH, and protein carbonyl levels, while enhancing GSH, SOD, and CAT activities. They also downregulate the expression of TNF-α, IL-1β, IL-6, monocyte chemotactic protein 1, and TGF-β1, effectively alleviating PF (Sherekar et al., 2024). These cases showcase the innovation in nanoplatform design and anti-fibrotic mechanism exploration. However, more progress is needed in understanding mechanisms, ensuring long-term safety, and optimizing clinical translation (such as dosage form optimization and comparative trials) in order to advance from laboratory research to practical applications.
4.3 Application of advanced biomedical engineering technologies in PF prevention, diagnosis, and treatment
The latest progress in PF research is driven by the collaborative integration of state-of-the-art technologies. Mesenchymal stem cells (MSCs) offer significant potential for treating PF due to their established safety profile and remarkable paracrine effects. Bao et al. developed AuPtCoPS trimetallic-based nanocarriers (TBNCs) with enzyme-like activity and DNA loading. These TBNCs combat oxidative stress, deliver therapeutic genes, and enable CT tracking of human MSCs (hMSCs) (Figure 3A). Following transplantation into PF mice, hMSCs were identified in the lungs (Figure 3C). CT imaging revealed a decrease in the signal area indicated by the yellow arrow in layer 1 over time; however, CT values increased on days 5 and 10, likely reflecting hMSCs migration to fibrotic sites. Concurrently, the signal represented by the red arrow in layer 1 significantly diminished by day 5, while signals in layers 2 and 3 exhibited an increase, suggesting downward migration of hMSCs (Figures 3B,D). 3D CT images confirmed hMSCs proliferation on day 5 followed by a subsequent reduction in signal intensity (Figure 3E). This approach facilitated real-time observation of hMSC distribution, migration patterns, and biological activities, thereby visualizing their therapeutic efficacy and assisting in optimizing hMSCs-based therapies. Additionally, both 2D and 3D CT demonstrated improved lung ventilation in the labeled hMSCs-treated group compared to the BLM group (Figure 3F). Histopathological examination revealed reduced collagen deposition and scar formation within the labeled hMSCs group relative to the BLM group (Figure 3G). Overall, this study presents an efficient and promising MSCs therapy for PF (Bao et al., 2024). In addition, CRISPR-Cas9 gene editing enables precise modification of PF-related genes such as desmoplakin (DSP) and CD5 molecule-like (CD5L), presenting new strategies to reduce genetic risk and develop targeted therapies (Qu et al., 2018; Guo et al., 2023). Moreover, high-throughput multi-omics platforms have unveiled the molecular mechanisms underlying therapeutic agents; Ge et al. demonstrated that demethyleneberberine suppresses gremlin-1 stability by blocking ubiquitin-specific protease 11 (USP11)-mediated deubiquitination, revealing its critical binding interface through proteomic profiling (Ge et al., 2024). Advanced three-dimensional (3D) models have become essential tools for understanding PF mechanisms by accurately simulating its pathological microenvironments. These models successfully replicate key features such as abnormal ECM deposition, matrix stiffness gradients, and dynamic EMT (Jain et al., 2024). In terms of diagnostic innovations, artificial intelligence (AI)-enhanced analysis of high-resolution computed tomography imaging patterns, as validated by Chantzi et al., greatly improves the accuracy of PF classification and prognostic stratification (Chantzi et al., 2025). Additionally, liquid biopsy technologies that detect disease-specific circulating free cell DNA (cfDNA) signatures are being developed, with Pallante’s research establishing plasma cfDNA as a distinctive biomarker for PF compared to other interstitial lung diseases (Pallante et al., 2021). Together, these integrated technologies—including gene editing, mechanism-based drug discovery, AI-powered imaging analytics, and minimally invasive diagnostics—create a multidimensional framework to advance precision medicine in PF management.
[image: A multi-panel scientific image showing various experiment results related to mesenchymal stem cells (MSCs) and lung disease treatment. Panel A: Illustration of MSCs marked with luciferase reporter gene, injected into a mouse, and tracked using imaging. Panel B: Serial CT images of lung layers over time, highlighting changes with colored arrows. Panel C: 3D thoracic images, pre- and post-injection. Panel D: Line graph displaying area changes in three lung layers over 20 days. Panel E: Lung and MSC visualizations at multiple time points. Panel F: CT images and 3D analysis of treated lungs. Panel G: Histological staining of lung tissue under different conditions, showing cellular and structural changes.]FIGURE 3 | (A) Schematic depicting TBNCs@pDNA-mediated gene delivery and dual-modal imaging to track hMSCs in PF therapy. (B) In vivo micro-CT images of labeled hMSCs in PF mouse lungs at days 1, 5, 10, 15, and 20 post-transplantation. (C) Pre- and post-transplantation 3D in vivo micro-CT of labeled hMSCs in PF mice. (D) Graph of labeled hMSC CT signal distribution versus post-transplantation time. (E) 3D CT images of labeled hMSCs in PF mouse lungs at days 1, 5, 10, 15, and 20 post-transplantation. (F) Micro-CT images of Control, BLM, and BLM mice treated with hMSCs or labeled hMSCs. (G) Masson’s trichrome staining of lung tissues from Control, BLM, and BLM mice treated with hMSCs or labeled hMSCs. Reprinted with permission from (Bao et al., 2024). Copyright (2024) American Association for the Advancement of Science.5 CONCLUSION, CHALLENGES AND OUTLOOK
This review highlights the pivotal role of ferroptosis in PF and emphasizes the importance of identifying ferroptosis-related therapeutic targets, such as iron metabolism, ROS production, PUFAs metabolism, and the antioxidant system, as key pathways for therapeutic intervention. TCM has shown promise in modulating ferroptosis through its multi-component, multi-target, and multi-pathway advantages. Studies have demonstrated that TCM formulations, extracts, and monomers can effectively regulate iron metabolism, reduce ROS production, inhibit PUFAs peroxidation, and restore antioxidant defenses, thereby alleviating PF. Furthermore, the integration of nanotechnology with TCM enhances therapeutic outcomes by improving drug bioavailability and enabling precise targeting of lung pathology, thus offering innovative treatments that address oxidative stress and inflammation in PF.
Despite the promising potential of TCM in preventing and treating PF, several limitations must be addressed. Firstly, the precise molecular mechanisms through which TCM, whether in combined formulas or single-agent forms, regulates iron metabolism or oxidative stress are still unclear, which complicates its integration into modern precision medicine. Secondly, most research on ferroptosis has been conducted using preclinical models, and there is a lack of clinical trials with patients and biomarkers linked to ferroptosis. Consequently, it will take considerable time before these TCMs to be applied clinically. Thirdly, although nanotechnology can enhance TCM delivery, developing safe and effective nanocarriers requires rigorous testing to prevent potential toxicity and immune responses. Moreover, the heterogeneity of PF poses a significant challenge. PF can arise from various causes, including environmental exposures, genetic predispositions, and autoimmune diseases. This heterogeneity complicates the development of universal therapeutic strategies, as different PF subtypes may require customized approaches.
Looking forward, the integration of TCM with contemporary biomedical technologies holds great promise for the treatment of PF. Progress in omics technologies, such as genomics, proteomics, and metabolomics, can unveil intricate details about the molecular workings of TCM and its impact on ferroptosis. These advancements also facilitate the discovery of new biomarkers for PF, paving the way for earlier diagnosis and more precise therapeutic targeting. The innovation of new nanocarriers for TCM delivery presents another exciting prospect. Future research should aim to create nanocarriers capable of selectively targeting fibrotic lung tissue while minimizing unintended effects. Additionally, the combination of TCM with existing pharmacological treatments like pirfenidone and nintedanib could offer synergistic benefits, potentially reducing required doses and side effects. Furthermore, investigating ferroptosis in other fibrotic diseases, such as liver and cardiac fibrosis, could broaden the therapeutic use of TCM. The common mechanisms of ferroptosis across various fibrotic conditions suggest that TCM compounds targeting this process might possess immense therapeutic potential.
To conclude, despite the considerable advancements in comprehending the role of ferroptosis in PF and the potential of TCM to influence this process, a few hurdles still exist. Tackling these issues through cross-disciplinary research and cutting-edge technologies is essential for converting these insights into practical treatments for PF and other fibrotic conditions. The future of PF therapy hinges on integrating traditional wisdom with contemporary scientific approaches, offering hope for patients suffering from this debilitating disease.
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GLOSSARY
PF pulmonary fibrosis
TCM traditional Chinese medicine
ROS reactive oxygen species
PUFAs polyunsaturated fatty acids
GSH glutathione
GPX4 glutathione peroxidase 4
BLM bleomycin
AECIIs alveolar epithelial type II cells
NADPH nicotinamide adenine dinucleotide phosphate
NOXs NADPH oxidases
XO xanthine oxidase
NOS nitric oxide synthase
TGF-β1 transforming growth factor-β1
NOX4 NADPH oxidase 4
NLRP3 NOD-like receptor thermal protein domain-associated protein 3
AA arachidonic acid
ACSL4 acyl-CoA synthetase long chain member 4
LPCAT3 lysophosphatidylcholine acyltransferase 3
LOXs lipoxygenases
PUFA-OOH polyunsaturated fatty acid hydroperoxide
IL-4 interleukin-4
IL-13 interleukin-13
CAT catalase
SOD superoxide dismutase
MDA malondialdehyde
SLC7A11 solute carrier family 7 member 11
MAPKs smitogen-activated protein kinases
ERK extracellular signal-regulated kinase
JNK c-Jun N-terminal kinase
NF-κB nuclear factor kappa-B
Nrf2 nuclear factor erythroid 2-related factor 2
NCOA4 nuclear receptor coactivator 4
LIP labile iron pool
DHQ dihydroquercetin
CTGF connective tissue growth factor
LOX2 lipoxygenase 2
TNF-α tumor necrosis factor alpha
NO nitric oxide
IL-1β interleukin-1β
IL-6 interleukin-6
HO-1 heme oxygenase-1
DHA dihydroartemisinin
α-SMA α-smooth muscle actin
H&E hematoxylin and eosin
AECs alveolar epithelial cells
MSCs mesenchymal stem cells
hMSCs human MSCs
DSP desmoplakin
CD5L CD5 molecule-like
USP11 ubiquitin-specific protease 11
3D three-dimensional
AI artificial intelligence
cfDNA circulating free cell DNA
DAMPs damage-associated molecular patterns
PDGF platelet-derived growth factor
MMP-9 matrix metalloproteinase-9
EMT epithelial-mesenchymal transformation
ECM extracellular matrix
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.
Copyright © 2025 Fan, Xu, Gao, Zhang, Wang, Shan, Luo, Fei and Cai. 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/fcell-13-1598924-g003.jpg
@ 20 B
o/ Day 1 Day 5 Day 10 Day 15 Day 20
17, A
- Layer1
Lockonse
-
( Layer 2
Metfunctonal RMSCs \
s w:&‘;:':_‘ S st | ayer 3
' i
&2 i
5 10 15 20
TeNCigeONA —_— o (e
E Foo como  mm TS Lbeeamse G
N .
2D imaging ¢ 3 rory
Lung % 4
+ L) W B,
hMSCs BLM : ¥
2D analysis : "
. 4 hMSC +BLM m
Labeled hMSC
+BLM

3D analysis

hMSCs






OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Ferroptosis in pulmonary fibrosis: pathogenesis and traditional Chinese medicine-driven therapeutic approaches		1 INTRODUCTION

		2 ROLE OF FERROPTOSIS IN PF DEVELOPMENT		2.1 Abnormal iron metabolism

		2.2 ROS generation

		2.3 PUFAs peroxidation

		2.4 Imbalance of antioxidant system





		3 TCM FOR TREATING PF THROUGH FERROPTOSIS REGULATORY PATHWAY		3.1 Regulation of iron metabolism

		3.2 Inhibition of ROS generation

		3.3 Inhibition of PUFAs peroxidation

		3.4 Regulation of antioxidant system





		4 INTEGRATING TCM WITH NANOTECHNOLOGY TO INHIBIT FERROPTOSIS IN PF		4.1 ROS-scavenging TCM nanoplatforms mitigate PF

		4.2 Antioxidant system-regulating TCM nanoplatforms mitigate PF

		4.3 Application of advanced biomedical engineering technologies in PF prevention, diagnosis, and treatment





		5 CONCLUSION, CHALLENGES AND OUTLOOK

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES

		GLOSSARY









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-13-1598924-g001.jpg
Glutamate ®

@ ¢
Fe' s Fe? Tuberostemonine
]
3’ ~ A

SEEHEHEHETE S ST Injury DAMPs
™R System X Ditydroartemisinin, AECII Se) \
Fe* Tanshinone IIA, | S ‘f',
E Salvianolic acid B
EARS . Shenks, Schizandrin B, sl M2 Neutrophil
MT1 E ‘ Glycyrrhizic acid :_TEF-_M_: ror
2+ _B
h ¥\ X NFxB PDGF MMP-9
o @ 1) MAPK
DNA damage =y isiaibl
PCBP1 <A .
orritlh _————
Ferritinophagy

(@ D)
(SLC7A11) Fibroblast
l - EMTS D
NADPH
Dihydroquercetin
® o
( Shuangshen
Pingfei formula / Myofibroblast
ECM deposition l \

Tobacco, silica,
asbestos, radiation,
bleomycin, and
various drugs

< ) Ferroptosis’
\ ACSL4 LPCAT3 LOXs N
ipi idati and remodeling
PUFA-CoA —» —°5 (PUFA-00H) —» (Lipid peroxidation .

—
" \ % Collagen

Astragalus and Panax

notoginseng decoction





OPS/images/fcell-13-1598924-g002.jpg
A C Bleomycin

HAase Lut Lut@HAase

B Inhalation
® L) e
D _S» + ° 4
o o °
" 079 NHSPEGNHS “g"m'
Hyaluronidase Luteolin Lut@HAase

Idiopathic pulmonary
fibrosis therapy 5

Degrading the
hyaluronic acid

w
3
T
: /\/\(IL” ™\ Anti-inflammation {\‘{
o) A o -
: ///\J | Anti-oxidant <§(
1 @
" G

' ROS ~““=-. Fibroblast Myofibroblast

Bleomycin
Lut@HAase mmm Control PBS HAase Lut Lut@HAase
Lut fa— e
=
HAase  pum ?
PBS  mem k-
Contro| === o










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





